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ABSTRACT
The use of Air Blasters to promote the flow of bulk solids 
from storage bins is investigated in this Thesis. Particular 
attention is devoted to predicting the performance of Air 
Blasters and developing design procedures for their 
application. The loads imposed on the hopper walls due to 
the Air Blaster effect are also investigated. An initial 
theoretical investigation based on the simplified two-phase 
flow theory is presented.
The mathematical description of the operation of Air Blasters 
is complex so much so that an exact solution of the 
mathematical model was not possible nor warranted in this 
initial investigation.
The mathematical description is approximated by developing a 
lumped element gas flow model and solving it using a digital 
computer.
To check the mathematical model, experimental data was 
obtained from a test rig using Copper Concentrate and Coal.
The results obtained are used to develop design graphs for 
the specification of Air Blaster systems.
To gain a better understanding of the mathematical fluid-flow 
behaviour of an Air Blaster, further research is recommended 
on a variety of bulk solids using the transient flow theory.
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CHAPTER 1 - INTRODUCTION
1.1 GENERAL
The handling of materials in bulk form is a major activity in 
the variety of industries throughout the world, particularly 
in Australia where mining and other process industries rely 
heavily on bulk handling operations.
In recent years significant advances have been made in the 
study of the storage and flow characteristics of bulk solids. 
As a result there are now well established materials testing 
and associated design procedures to enable storage bins to be 
designed for reliable and predictable flow.
However, most bulk solids gain strength with consolidation 
during prolonged storage. While it would be possible to 
design satisfactory mass-flow bins to handle bulk materials 
for reasonable storage time, it would be almost impossible to 
design storage bins economically when a very stubborn bulk 
solid is stored for long periods with a high moisture 
content.
Generally speaking, mass-flow bin design for a very stubborn 
material results in comparatively low design storage capacity 
and considerable expense. In this particular situation some 
form of flow promotion would be necessary to establish 
gravity flow.
Compressed air has long been known as a source of power for 
many tools and instruments including flow aid devices for 
moving bulk solids.
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Many industrial personnel involved in bulk solids storage and 
handling are familiar with direct air application methods 
such as the air lance and continuous flow air pads. However, 
all have major disadvantages - either noise, structural 
fatigue or inefficiency and, more importantly, all consume a 
relatively high volume of compressed air.
Air blasters recently have become popular and recognised 
devices for the flow promotion of difficult to flow bulk 
solids from bins. Such units have been successfully applied 
for flow promotion of bulk solids which gain significant 
strength during time storage. Numerous successful 
installations based on sound engineering analysis and 
investigation have been reported [9]. However, there is 
possibly an equal number of unsuccessful applications wherein 
an excessive number of incorrectly placed units fail to 
achieve reliable flow. Poor placement of air blasters, 
moreover, is usually masked by an excessive number of units. 
Such installations are costly to install and operate.
It is apparent that air blasters are not a universal panacea 
to remedy the problems associated with poor bin or bunker 
designs and difficult to handle materials. This failure 
emphasizes that correct placement, selection and operation of 
air blasters, evaluated, on a case by case basis, is 
essential.
The optimum solution is found when the arch breaking 
capability of the blasters is sufficient to overcome the 
material strength at all points of the potential arch.
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1. 2 FLOWABILITY OF BULK SOLIDS COMPARED TO FLUIDS
1.2.1 General Characteristics
The word "flow" is more often associated with fluids than 
with solids, and when "flow of solids" is mentioned, one is 
inclined to assume - by association - that the solid will 
behave much like a liquid. For many years the view was held 
that bulk materials could be regarded virtually as liquids 
with the only real difference being the material's weight per 
unit volume or bulk density. Even Janssen [35 ] as far back 
as 1895 considered bulk materials as "semi-fluids" with the 
belief that density and angle of repose were the important 
material characteristics. The angle of repose was used to 
ascertain how much free space was available at the top of a 
filled container. The properties of solids and liquids differ 
so much that the mechanisms of flow of these phases are quite 
unlike.
First of all, solids can transfer shearing stresses under 
static conditions - they have a static angle of friction 
greater than zero - whereas liquids do not. This is why sol­
ids form piles whereas liquids form level surfaces.
Secondly, many solids, when consolidated - that is after 
pressure has been applied to them, possess cohesive strength 
and retain a shape under load. They can form a stable dome 
or a stable arch; liquids cannot do that.This is due to such 
forces as surface tension forces or electro-static (Van der 
Waals) forces. These interparticle forces have led to 
serious problems in handling and storage of bulk solids.
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Thirdly, the shearing stresses which occur in a slowly 
deforming (i.e. flowing) bulk solid can usually be considered 
independent of the rate of shear and dependent on the mean* 
pressure acting within the solid. In a liguid the situation 
is reversed, the shearing stresses are dependent on the rate 
of shear and independent of the mean pressure.
These fundamental differences are listed to explain why fluid 
flow concepts have failed in the attempt to develop 'flow - 
no-flow' criteria for bulk solids. A bulk solid has to be 
looked upon as a plastic and not a visco-elastic continuum. 
This approach to the analysis of bulk solids flow in process 
equipment requires that three important flow conditions for 
bulk solids be satisfied :
a) When motionless, the solids are in a non-deforming, 
or elastic state.
b) An incipient failure condition may be reached when 
the forces acting on the solid produce stresses in 
excess of the strength of the solid. This state is 
associated with rapid, but short lived, expansion of 
the bulk solid as failure occurs and the strength is 
broken.
c) The third state is referred to as a steady flow 
condition. A continuous deformation or failure may 
occur, during which expansion or contraction of the 
bulk solid occurs slowly in a controlled manner so 
that its strength and density are continuous 
functions of the compacting pressure applied at any 
instant.
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Consider the arrangement in Fig 1.1 which shows a bulk 
material loosely compacted into a split ring shear box. When 
the material is sheared under load its volume reduces.
As shear force or energy is put into the bulk solid, the 
state of packing is such that it cannot order itself any 
better. There are no spaces for particles to fall into. 
Particles can only ride up onto other particles. Here stress 
rises as strain continues until a maximum stress is reached 
and then decreases with increasing strain until it reaches 
the steady state value of figure 1.1 (b). During this rise 
of shear strength the volume expands and does work on the 
surroundings. Without expansion the bulk solid cannot move. 
The bulk solid must deform in order to flow. If no provision 
for movement or dilation is given the stress rise is even 
higher giving higher consolidation and cohesive strength.
This would cause compacted bulk solids to have the ability to 
arch across wide spans.
All of the above suggests that controlled dilation can be 
used to solve the problem of arching and ratholing due to 
particle cohesion. Any flow aid device should be designed, 
therefore, with the purpose of seeking to cause dilation or 
expansion giving lower stress and the ability to flow with a 
net volume increase of the bulk solid being moved.
In the general field of bulk solids handling we are therefore 
interested in whether continuous flow is achieved through the 
bin outlet. It is well known that the flow out of bins and 
hoppers is often unreliable and as a result considerable 
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FIG l.l.-STRESS/STRAIN AND VOLUME CONSIDERATIONS FOR A 
COMPACTED BULK SOLID [1]
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1.3 BIN FLOW PATTERNS
1.3.1 Basic Flow Patterns In Bins
There are two basic flow patterns that occur in bins, Mass- 
Flow and Funnel-Flow. These are illustrated in Fig. 1.2 
below and their distinguishing features outlined in the 
following pages.
(a) Mass-Flow (b) Funnel-Flow
FIG. 1.2 -BASIC FLOW PATTERNS IN BINS. (10)
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1.3.2 Mass-Flow
In this case the distinguishing features are:
(1) Channelling, hang-ups, surging and flooding are absent.
(2) Flow is uniform and well controlled, giving a constant 
feed density which is independent of the head of the 
bin.
(3) A first-in first-out flow pattern is obtained which 
is useful in the storage of solids which deteriorate 
with time and/or which segregate during charging into 
storage.
(4) There are no dead regions within the bin, hence there is 
a minimum of consolidation at rest.
(5) Pressures are relatively uniform across any horizontal 
cross section of the hopper, causing uniform 
consolidation and uniform permeability.
Mass-flow is the most desirable flow pattern. In mass-flow 
bins the material is in motion at substantially every point 
of the bin whenever any solid is drawn through the outlet. 
This flow pattern is obtained when the walls of the hopper 
are sufficiently steep and smooth, the bin has no abrupt 
transitions, the hopper has no inflowing valleys and the 




Funnel-flow occurs in bins with hoppers of Squatter1 rather
than steep proportions and in general is an undesirable flow
pattern.
In this case the basic characteristics are:
(1) First-in last-out sequence of flow.
(2) If the bulk solid has a tendency to spoil, cake or 
degrade with time, then this will happen in the non­
flowing region.
(3) For materials which segregate on charging, there is no 
remixing in the hopper.
(4) Flow rate tends to be erratic with a widely varying 
density of the feed.
(5) The erratic flow rate causes fine powders to aerate, 
fluidize and flood.
(6 ) Piping occurs if the non-flowing solid consolidates 
sufficiently to remain stable after the flow channel 
has emptied out.
Funnel-flow bins are acceptable for coarse, free-flowing
chemically stable bulk solids which do not segregate.
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1.4 ANALYSIS FOR GRAVITY FLOW 
1.4,1 Strength of a Bulk Solid
What is the strength of a bulk solid? If a sack of flour 
is dropped on the floor and bursts, the flour flows like 
a liquid: under these conditions flour has no strength.
The same flour squeezed carefully into the palm of the 
hand gains strength and retains the shape of the palm and 
fingers: the flour has now been consolidated and has
gained strength. The above example illustrates the 
functional relationship between consolidating pressure
and strength <T * an unconsolidated bulk solid has littlec
or no strength but strength is generated as consolidating 
pressure is applied: the higher the pressure, the greater 
the strength.
In general, the consolidating or compacting pressure in a 
bin filled with a bulk solid varies with position in the 
bin as shown in Fig. 1.3. Photos 1.1 and 1.2 on page 13 
respectively show an example of the strength of copper 
concentrate when squeezed.
Suppose now that the solid is flowing in the bin shown in 
Fig. 1.3, the solid was unconsolidated when it was deposited 
at the top of the bin but as an element of the solid flows 
down, it becomes consolidated under the pressure ^prevailing 
in the bin. This pressure is shown by the line in Fig.
1.3. At first,6"̂ increases with depth, then levels off in 
the vertical part of the bin. At the transition to the 
hopper there occurs an abrupt change of pressure which may 
increase or decrease depending on the frictional properties 
of the wall, then pressure decreases linearly toward zero.
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To each value of consolidating pressure 6^ there corresponds a
strength (T of the solid, so that the strength & generated byc c
pressure (5̂  similarly increases and decreases as indicated by 
the C line. It is now observed that lines ^and (T intersect. 
Above the point of intersection,^^' <3̂ the flow criteria is 
satisfied namely: "a solid will flow provided the strength^, 
which the solid develops is less than the stress (j^which 
would act in a stable obstruction of flow".
FIG 1.3 FLOW ANALYSIS FOR NO A R C HING [2]
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Below the point of intersection OXcT^the solid has enoughc 1
strength to support a dome and will not flow.
The variation of (J with (T.is termed the flow function (FF)c 1
typical curve for FF is shown in Fig. 1.4.
. JaThe ratio (J is termed the flow factor (ff) for the hopper 
also shown in Fig 1.4.
FIG 1 . 4 -  BULK SOLID FLOW FUNCTION FF AND HOPPER
FLOW FACTOR ff [10]
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PHOTO 1.1- SQUEEZE TEST ON COPPER CONCENTRATE
PHOTO 1.2- END RESULT OF SQUEEZE TEST ON COPPER CONCENTRATE
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1.4.2 Flowability Classification of Bulk Solids
Making use of the general theory of flow analysis, bulk 
solids can be classified according to their limiting flow 
function values coupled with their flow factor values.
FLOW FUNCTION 
VALUE ( FF )
DESCRIPTION OF BULK SOLID IN 
TERMS OF ITS COHESIVE PROPERTIES
FF <  2 Very cohesive and non - flowing
2 <  FF < 4 Cohesive
4 <  FF <  10 Easy - Flowing
10 <  FF Free - Flowing
TABLE 1.1 - CLASSIFICATION OF THE FLOWABILITY OF BULK
SOLIDS [2]
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The major physical properties which contribute to the low
flow function values listed in Table 1.1 are:-
a) Moisture Content - Bulk solids are least free 
flowing when moisture content is in the range of 70 
to 90% of saturation. (Fig 1.6)
b) Temperature - Many bulk solids, especially those 
with a low softening point, are affected by 
temperature. The critical condition usually occurs 
when a solid is placed in storage at an elevated 
temperature and allowed to cool while at rest.
c) Time of Storage at Rest (Residence Time) - Many 
solids are free-flowing (10<FF) if they are kept in 
motion but cake very severly if stored at rest for 
long periods (FF<2).
1.4.3. Cohesion of Bulk Solids
For the purpose of the present discussion it is worth noting 
the general form of the yield locus for a typical bulk solid. 
Referring to Figure 1.5 consider the element of material in a 
bin, dj and d̂  are respectively the major and minor 
consolidating stresses and are indicated by the Mohr semi 
circle of Figure 1.5 (b). If the element for this 
consolidation condition is sheared under varying normal 
loads, then the yield locus of Figure 1.5 (b) is obtained.
The Mohr semi circle through the origin defines the 
unconfined yield stress which represents the strength of
the material at a free surface. Extending the yield locus to 
intersect the X axis defines the APPARENT COHESION Ĉ . The 
angle <j) is the KINEMATIC ANGLE OF FRICTION. The cohesion Ch 




FIG 1.5-YIELD LOCUS FOR CONSOLIDATED BULK SOLID [10]
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1.4.4. Flow Properties of Copper Concentrate
In order to specify an air blasting system for a particular 
bulk solid and bin configuration it is essential that the 
flow properties of the solid be determined by testing. While 
several attempts have been made to develop satisfactory 
testing procedures, the method developed by Jenike [2] is the 
most successful and has become generally accepted as the 
"standard". Using the Jenike direct shear apparatus the 
following flow properties are determined for copperoonoentrate.
1) Instantaneous yield loci, flow function and 
effective angle of friction.
2) Time yield loci and flow function for a specified 
storage time.
3) Wall yield loci for the storage bin wall material on 
wich the air blaster is being applied.
4) Compressibility (bulk density) as a function of 
consolidation.
5) Permeability as a function of consolidation.
6) Average particle size.
For the flow property tests 1 to 3 only the fines fraction is 
tested under conditions of moisture content and temperature 
which duplicate field conditions. Copper concentrate is used 
as a typical bulk solid to carry out the experimental 
analysis because of its cohesive properties. These 
properties are presented in Appendix A.
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FIG 1 . 6 - REQUIRED BIN OPENINGS FOR COPPER CONCENTRATE AS A
FUNCTION OF MOISTURE CONTENT (3 4)
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1.5 "THE OTHER SOLUTION1 TO FLOW PROBLEMS
1.5.1 General
It was mentioned earlier that for certain bulk solids (FF<4) 
it may not be economically feasible to design a storage bin 
to provide reliable flow, especially if one of the three 
critical parameters of moisture, temperature and long 
residence time is present and cannot be avoided in a 
particular process. In this type of situation the design 
engineer has to search for alternative methods of keeping 
continuity in his processing plant.
This alternative method is often referred to as "the other 
solution". There are a wide variety of accessories on the 
market which all fall into "the other solution". One 
particular field is compressed air devices which have been 
used to induce flow of bulk solids for many years. A 
disadvantage with many of these devices is their high air 
consumption. Many are noisy, and some have actually 
contributed to structural bin fatigue.
Most of these problems have been eliminated with pneumatic 
quick release mechanisms. These devices shock and fracture 
the mass of cohesive material in a bin or silo, partially 
fluidizing it and hence increasing its flow function.
1.5.2 Pneumatic Quick Release Mechanisms
There are three basic types of quick release systems.
- Low pressure air sweepers or stimulators.
- High pressure pneumatic shells.
- Low pressure pneumatic blasters.
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(a) The Air Stimulator - sweeps the wall of a container 
with plant air. It consists of a large reservoir 
equipped with flexible lines leading to valve 
mechanisms at various locations on the bin wall.
When triggered, a nozzle in the valve mechanism 
extends into the container, and air is released 
from an orifice parallel to the wall of the 
structure. On completion of the firing cycle, the 
nozzle retracts, ready for firing.
The system is often used to solve bridging and 
ratholing problems on low density materials.
(b) The Pneumatic Shell - consists of a two to six 
stage compressor, high pressure pneumatic lines; 
and a low volume, high pressure shell equipped with 
valving assembly. The shell is charged with a low 
volume high pressure supply of air.
(c) Low Pressure Pneumatic Blasting - This is
relatively a new technique that has been used 
successfully on a variety of stored bulk 
materials. The concept and application of air 
blasting is explained in the remainder of this 
Chapter. An in depth analysis is carried out in 
subsequent chapters.
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1.6 STATE OF THE ART OF AIR BLASTING
1.6,1 Introduction
Compressed air, instantaneously injected into a storage bin, 
blasts a tunnel through the consolidated material. As the 
air expands, material is thrust aside, filling caverns and 
ratholes. The weight of the material above the blasted 
tunnel collapses into the void. Both the "blast" and the 
impact of the falling material dislodge the cohesive 
particles, causing the entire area to collapse. Expanded air 
from the blast works its way through the stored bulk solid. 
The expanding pocket or 'sphere of influence', tangentially 
deflected near a bin wall, levers material toward the centre 
of the bin. Since the air is injected within a very short 
time period, the air spaces between particles simply cannot 
absorb the air fast enough to resist the "blast" therefore 
the clinging particles are forced apart and gravity is able 
to move the material.
The efficiency of the air blasting device depends on the 
degree of free air flow from the device which directly 
affects the force output of the unit as well as the velocity 
of the escaping air. The objective in design is to achieve 
the optimum degree of velocity and force with minimum air 
pressure, and in most cases, minimal volume.
In a typical air blasting system as shown in Photo 1.3 air 
introduced into a chamber through a quick exhaust valve 
drives a piston forward.
At the end of its forward stroke, the piston is seated. A 
small port in the centre of the piston permits air to pass 
from the chamber into a reservoir tank. (Fig.5.3)
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PHOTO 1.3- TYPICAL AIR BLASTER UNIT
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1.6. 2. Air Blaster Application Considerations
The common material flow problems discussed in Section 1.3.2 
earlier may be substantially reduced or eliminated by the 
following methods:
(a) Modified bin design;
(b) Flow aids.
Both of the above methods have their advantages and 
disadvantages. Modified bin design is the cheapest method 
because of the obvious energy saving but when a cohesive bulk 
solid at high moisture is to be handled such as copper 
concentrate shown in Fig. 1.6 , it is evident that for 
gravity flow over ten percent moisture, the hopper outlet 
becomes impractical requiring an expensive feeder. Headroom 
also becomes a problem because of the steep hopper half 
angles required for mass flow. The problem may be solved at 
much less expense with an effective and efficient air blaster 
system.
The aim of this Thesis is to compile information on air 
blaster systems from an extensive literature survey and also 
to carry out an experimental analysis with the aid of test 
rigs in order to determine the following:
1) The location of the blaster in respect to the arch 
or rathole forming in the bin . Fig. 1.7.
2) How much air pressure and what size blaster to use 
for a particular problem.
3) The effects of the air blaster on the bin wall.
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FIG 1.7— "STATE OF THE ART" POSITIONING OF AIR BLASTERS (47)
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1.7 TWO-PHASE FLOW OF FLUID-SOLID SYSTEMS
1.7.1 Introduction
The so called fluidized bed results when a fluid is caused to 
flow through a bed of solid particles at a velocity 
sufficiently high to buoy the particles and to impart to them 
a violently turbulent fluid like motion. Fluid velocities 
must be used which are intermediate between the velocity 
which will just buoy the particle bed and the velocity which 
will sweep the bed out of its container. In other words, the 
fluidized bed is a relatively stable condition of fluid-solid 
flow which is intermediate to a packed column, on one hand, 
and pneumatic transport on the other.
In describing the physical phenomena occurring in the passage 
of fluids through unrestrained particle beds, various 
observers have reported either a uniform expansion of the 
bed, allowing greater ease of passage of the fluid through 
the widening interstices, or the formation of bubbles 
analogous to the upward flow of gas through a column of 
liquid. [20]
Qualitatively, these two forms of flow have been designated, 
respectively, as particulate and aggregative fluidization.
In general, the particulate form occurs primarily in systems 
fluidized with liquids, and the aggregative or bubbling 
characteristics when gases are used to fluidize the bed such 
as the air blast fluidizing the bulk solid when the quick­
release valve on the air blaster is opened.
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1.8 AIR BLASTER EFFECTS ON STEEL STRUCTURES
1.8.1 Introduction
Steel plates have been used over many years to form the walls 
of bin structures. The most usual function of the thin 
plate element is to withstand the lateral load generated by 
the stored bulk solid and to act with the adjoining structure 
in sustaining live loads.
The boundary conditions of any plate arrangement can be 
considered between two extreme conditions.
1) Edges being rotationally fixed.
2) Edges being rotationally free or simply supported 
edge case.
In many structures the boundary conditions are a mixture 
between these two cases.
There are three important design criteria in assessing the 
effect of air blaster forces on steel plates. These are:
1) Control of deformations.
2) Control of surface yield in the steel plate.
3) Control of yield spread or penetration through the 
thickness of the plate.
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1.8.2 Air Blaster Generated Loads
Bin walls subjected to air blaster effects should be
structurally checked to resist the following loads:
1) Dead Loads - These are loads imposed on the 
structure due to the weight of the blaster 
assemblies. The forces generated are:
(a) Shear force developed by the weight of the air 
blaster.
(b) Vertical moment - moment developed by the weight of 
the blaster being outside of the plane of the 
surface of the bin structure.
(c) Torsional moment - moment developed by the weight of 
the blaster twisting on the mount support.
(d) Mount plate to structure connection.
2) Hydrostatic Loads - These are loads imposed on the bin 
structure due to the varying decaying and expanding 
pressure field with time.
3) Dynamic Loads - These are recoil loads imposed on 
the bin structure due to the sudden movement of 
bulk solid along the bin walls and also onto the bin 
outlet.
The different types of loads defined above are 
discussed further in Chapter 3.
CHAPTER 2 - LITERATURE SURVEY
2.1 INTRODUCTION.
2.2 TWO-PHASE FLOW EFFECTS IN SOLIDS
PROCESSING AND HANDLING.
2.3 FLUID FLOW INTERACTIONS IN SOLIDS 
FLOW.
2.4 THE USE OF FLOW PROMOTION DEVICES 
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OF BROWN COAL FROM RAW COAL BUNKERS 
AT THE STATE ELECTRICITY COMMISSION 
OF VICTORIA - AUSTRALIA.
2.5 THE USE OF AIR CANNONS TO SOLVE
PROBLEMS IN BOTH MASS AND CORE FLOW 
STORAGE BINS.
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2.7 BLAST FURNACE RACEWAY ZONE TECHNOLOGY 
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CHAPTER 2 - LITERATURE SURVEY
2.1 INTRODUCTION
An extensive literature survey was carried out resulting in a 
number of relevant papers (listed in the Bibliography) 
dealing with the air blasting concept both mathematically and 
practically.
However, experimental data relating to the mathematical 
models presented were not found in the literature.
This Chapter examines the pertinent information of each paper 
relating to air blasting.
2.2 TWO-PHASE FLOW EFFECTS IN SOLIDS PROCESSING 
AND HANDLING
Johanson [1] uses a continuum-mechanics theoretical approach 
and test model results to predict flow characteristics in 
solid-fluid systems such as solids slope-stability, mass-flow 
in a hopper, packed beds of compressible solids, steady flow 
in moving beds, and air blasting of bulk solids from bins and 
hoppers.
Johanson [1] points out that predicting the flow effects 
caused by solid/fluid interactions is extremely difficult. 
Empirical approaches are often fruitless because of the many 
variables involved. Therefore solid/fluid approximations are 
used which involve the use of information on single-phase 
solids flow to make some judgements on solid/fluid 
interactive effects by assuming the following:-
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1. That the solids contact-stress field (with gravitational 
forces only) is similar to the stress field in the 
presence of the fluid.
2. That the fluid flow body forces act in only one 
direction.
3. That the body force that results from the 
combination of gravitational and fluid flow 
effects is similar to a gravitational force 
that is changed in both magnitude and direction.
It is also pointed out that while the above assumptions can 
pose problems, the varying direction of the body forces are 
sufficiently accurate to provide workable guidelines.
Three examples are considered in this paper using the 
simplified technique in which buoyancy forces are negligible.
The concept of slope stability is described and how it can 
be used to predict local fluidization effects, at the fluid 
entrance into a bed of solids, and the effect of fluid escape 
on the angle of repose of material being deposited in bins.
Solid/fluid flow on an inclined plane is often directly 
applied to closed chutes for solids where countercurrent or 
cocurrent fluid flow occurs. Without fluid flow, solids 
slide down an incline or a nonconverging chute when the angle 
of the chute, measured from the horizontal, is equal to or 
greater than the angle of sliding friction between the chute 
material and the bulk solids. A case is considered with 
fluid flow up the incline of the sloping surface. A
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graphical representation is given between the fluid pressure 
gradient, critical slope angle and the angle of sliding 
friction in Pigs.2.1,2.2.This information can be useful in 
air blaster application involving chutes.
The limitation of this concept is that the chute must be 
entirely full of solids and must not converge or diverge.
The application of fluid flow in mass-flow hoppers is briefly 
described. Mass-flow as described in Chapter 1 is a 
condition in which the solids move at the hopper walls 
whenever any are removed from the bottom of the hopper. An 
approximation is given for the critical hopper angle when 
fluid flow is present which produces a new hopper angle.(Fig.2.3)
The limitation of this concept is that channelling occurs 
through the central core of the solid leaving the sides of 
the hopper stationary. This happens because of the non­
uniform solids flow pattern and stress distribution that 
occurs in conical flow channels. The solids are less dense 
and more permeable in the centre of the channel because the 
solids flow faster and the contact stress is lower. This 
causes preferential flow of fluid in the central region which 
reduces the fluid flow at the walls and may result in the 
solids at the wall not flowing as would be predicted by the 
theory. .
In general,Johanson (1) suggests a full, two dimensional 
solution of solids and fluid flow with variable permeability 
in order to accurately determine the flow effects in conver­
ging channels.
















FIG.2 . 1 SLOPE STABILITY-GEOMETRY RELATIONS ( 1 )




FIG. 2 . 2  CALCULATED EFFECTS OF FLUID FLOW ON SLOPE STABILITY m
¿P/AS
FIG.2.3 CALCULATED CRITICAL MASS-FLOW HOPPER ANGLES 0CF (1)
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The effects of two phase flow in compressible packed beds is 
also described in the paper in particular the effect of 
'Channelling'. This concept will be used in the air blaster 
modelling. It was mentioned earlier that with non-moving 
packed beds, channelling of the fluid may develop in downflow 
columns when the solid particles expand or contract. If the 
solid contracts, it may leave gaps at the wall. If the solid 
is free-flowing, these gaps will be filled as the solid 
collapses into the voids. However, if the solid is 
sufficiently cohesive, the pressure gradient of the fluid 
flow may be insufficient to cause the collapse of the solid 
and the voids can be predicted.
The solids around the voids will collapse when the major 
principal compressive stress exceeds the unconfined yield 
strength of the solid.
The concept of AIR BLASTER EFFECTS is also considered in some 
detail. Johanson [1] commences his discussion by commenting 
that the rapid release of air from a blow tank into a mass of 
bulk material has been used for a number of years in 
underground blasting of coal and, more recently, in the 
dislodging of bulk solids in bins and hoppers so as to 
promote solids flow.
Johanson [1] describes what happens as the quick release 
valve is opened. The gas velocity is limited by the sonic 
velocity, however, when the air encounters the solids the 
permeability of the porous solids provides a limit that 
quickly decreases the velocity below sonic.
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The air spreads out in essentially a spherical fashion around 
the point of entry, and causes flow pressure gradients that 
eventually reach the surface of the arched material. These 
gradients add to the force of gravity, and if the combined 
effect is large enough, the arch will break and solids flow 
will be established. In general, air blasters are most 
effective when used to break arches in materials that have an 
increase in cohesive strength with time at rest. This 
concept will be verified using the test rig results.
An example is given to illustrate the use of the concept.
The calculated pressure distribution, as a function of time, 
from an air blaster discharge nozzle for an oil sand is 
presented in graphical form. The concept of an arch 
reduction factor is illustrated graphically as a function of 
the distance from the blaster inlet. The blaster analysis 
has to satisfy the conditions listed below.(Fig.4.4 and 4.5)
1. The blaster has to be large enough to cause flow 
pressure gradients to aid gravity in breaking the 
arched material.
2. For the blaster to be effective, it has to be 
placed within the required distance as worked out 
using the critical arch reduction factor method.
3. To complete the blaster analysis, the possibility 
of the material forming an arch above the point
of application of the air blaster must be considered. 
Here, the arch has to collapse by gravity alone.If 
this is the case, the blaster would have to be placed 
above the level in the bin where the critical arch
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would form. If both of the conditions mentioned above 
could not be satisfied simultaneously, two blaster 
injection levels would have to be considered.
The concept of two phase flow is further applied in solids 
densification during the pressurization of lock hoppers •
Lock hoppers are defined by Jenike [4 4] as equipment used to 
feed solids into high pressure reactor vessels. During the 
gas pressurization phase of the operating cycle, gas pressure 
gradients add to the solids stresses caused by gravity, 
resulting in a gain of density and strength of the solid.
The increase of strength may require a larger hopper outlet 
and, hence, a larger valve at the outlet in order to assure 
flow without obstruction thus increasing the initial cost and 
time of maintenance.
Concentric pressurization of a compressible solid from the 
cylinder wall inward is analyzed by applying a nonlinear 
elastic - plastic finite deformation problem in plain strain.
Two methods of introduction of gas into a lock hopper are 
discussed.
Firstly, when introduced at the top, the direction of gas 
flow is downward and the gas pressure gradient adds directly 
to the weight of the solid with resultant significant 
densification.
Secondly, when applied from below, the gas stream tends to 
lift the mass of solid.
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If gas is well distributed and introduced at a sufficiently 
high rate, it fluidizes the stored mass and very rapidly 
accomplishes pressurization. However, the vessel must have a 
void space at the top to accomodate the expanding solid.
The above concept of plane - strain, axi - symmetric stress 
conditions is analysed in Chapter 4 and used to 
theoretically predict pressurization effected by an air 
blaster used on tar sand.
2.3 FLUID FLOW INTERACTIONS IN SOLIDS FLOW T61
The paper deals with fluid flow effects in solids flow which 
are analyzed by defining the effective gravitational 
acceleration concept. This concept is highlighted by the 
analysis of solids flow in cylindrical channels. The effects 
of fluid flows through stationary cylindrical and converging 
solid beds is also discussed.
The additional component dP/dS is simply the comparison of 
the fluid pressure gradient relative to the solids mass. By 
use of D'Arcyfe law or the generalized Ergun relationship 
this additonal component is also equal to"^n/P K hence the 
fluid phase interactions can be evaluated for a point of 
interest, if the bulk density of the solid, the fluid , 
pressure gradient or the fluid flow velocity and solids 
effective permeability are known.
The author points out that for imcompressible bulk solids, 
the fluid flow interactions are straight forward. However, 
for compressible solids, evaluation of the flow parameters 
requires the use of an iterative procedure to converge to the
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actual conditions applying. The reason for this is because 
both the solids bulk density and effective permeability are 
functions of the extent of consolidation applied to the 
solid, which in turn is dependent on the total effective 
gravitational acceleration.
The case of stationary beds is considered using the 
definition of the channel flow factor (ff) which was 
discussed in Chapter 1. The application of assistive fluid 
pressure gradients to the outlet of hoppers is discussed as 
being an effective means to induce solids flow from hoppers. 
Such pressure gradients are applied in pressurized bins and a 
blow tank system [40 ] and also in air blaster applications.
The fluid phase interaction acting during solids flow may 
either assist or retard the solids flow depending on the 
direction of the fluid pressure gradient or fluid flow. It 
is shown in the case of stationary beds such as in the air 
blaster concept, that fluid phase interactions are an 
effective means to either compact or unpack the solids 
depending on whether the fluid flow is toward the confined 
end or away from it, respectively.
This paper reinforces the concepts of the solid-fluid systems 
discussed in section 2.2 of this Chapter. The theoretical 
aspects are further analysed in Chapter 4 with particular 
attention being given to the use of fluid phase interactions 
to reduce the Critical Arching outlet dimension. This 
concept is termed The Critical Arch Reduction Factor.
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2.4 THE USE OF FLOW PROMOTION DEVICES TO IMPROVE THE
CHARACTERISTICS OF BROWN COAL FROM RAW COAL BUNKERS 
AT THE STATE ELECTRICITY COMMISSION OF VICTORIA T31
The previous paper [6] has been used as a basis for this 
report together with the information and recommendations 
provided by the State Electricity Commission of Victoria.
The report investigates the use of air cannons to attain 
reliable flow of brown coal from the Yallourn raw coal 
bunker. Additionally, the application of air cannons to 
dislodge the 'dead region' in the unactivated sides of the 
Loy Yang Raw Coal Bunker is also investigated. For both 
applications particular attention is devoted to predicting 
the current placement of air cannons and loads imposed on the 
bunker components.
McLean [3] points out that his recommendations advanced in 
the report are tentative, in so far as the operation of and 
actual effects generated by air cannons have not been fully 
quantified nor their operation fully understood.The 
deficiency is apparent by the rule of thumb and empirical 
equations advanced by suppliers, and manufacturers which lack 
theoretical merit and in some cases lack physical reasoning.
McLean [3] commences his report by giving the generalized 
principles of the air cannon operation. Essentially air 
cannons generate a rapid (or impulsive) air flow through the 
bulk solid. This air flow is associated with a transient air 
pressure field and associated gradients surrounding the 
cannon injection point. The effect of the air pressure 
gradient below the air cannon injection point is to induce
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additional assisted body forces on the bulk solid 
significantly greater than due to gravity alone. The author 
points out that above the air cannon injection point the gas 
pressure gradients act to oppose gravity. The air pressure 
gradient induced body forces are described in terras of the 
total effective gravitational acceleration concept advanced 
by Johanson [1]. The mathematical details are described in 
Chapter 4. Based on the effective gravitational 
acceleration, the Critical Arch Reduction Factor concept is 
developed. The use of the concept to design for
reliable flow is illustrated by considering a bulk solid 
displaying a Critical Arch Dimension of 2000mm after 2 days 
time storage which is required to flow by use of a suitable 
flow promotion device through a hopper outlet of 1000mm. It 
is apparent that the flow promotion device used must generate a 
Car>f of 2 at the outlet.
The Critical Arch Reduction Factor may be generated by the 
application of a gas pressure gradient of sufficient 
magnitude which can be determined by considering the total 
gravitational acceleration together with the critical bin 
dimension parameters.
Air cannon operation induces a gas pressure gradient and also 
a mechanical shock wave which is transmitted throughout the 
stored bulk solid. If the bulk solid is unconfined the shock 
wave will cause the stored bulk solid to yield and display 
instantaneous flow properties. If on the other hand the bulk 
solid is confined the mechanical shock wave will act to cause 
additional consolidation of the stored bulk solid displaying 
increased tendency to arch.
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This paper also considers the mathematical fluid flow 
behaviour generated by an air cannon. The analysis is based 
on one dimensional case of unsteady flow of gas through 
porous media [5] and a simplified analysis of unsteady radial 
gas flow [4].
The basic differential equation given in Chapter 4 describing 
unsteady flow of gases through porous media is used to 
analyze theoretically the air cannon operation.
Examining the equation,McLean concludes that both the bulk 
density and permeability of the stored bulk solid must be 
known to predict the pressure variation surrounding a point 
impulsive gas flow source.
The author points out that analytical solutions to the dif­
ferential equation are difficult since the equation is non­
linear. Numerical solution techniques are therefore 
mandatory.
An initial approximate numerical solution to the gas flow, 
evaluated by use of a lumped element gas flow model is 
presented in Chapter 4. The results of the gas flow model 
are then used to predict the maximum fluid flow generated 
pressure gradient as a function of radial distance from the 
source of the air blaster. Using the effective gravitational 
acceleration concept, discussed in this Chapter, the maximum 
arch reduction factor as a function of radial position is 
determined.
A solution of the differential equation describing radial 
flow and subsequent evaluation of the critical arch reduction
- 4 2 -
factor as a function of radial distance from the air blaster 
injection point have been evaluated and presented by Johanson
[1] for tar sand using a coupled nonlinear diffusion and 
nonlinear elastic-plastic finite deformation problem in plain 
strain.
2.5 THE USE OF AIR CANNONS TO SOLVE PROBLEMS IN BOTH 
MASS AND CORE FLOW STORAGE BINS \ 6̂1
A collection of papers presented by Bob Law from Engineering 
Services and Supplies Australia at the International 
Conference on Materials Handling held at Wollongong 
University, July 1986, deal with many aspects in relation to 
the use of flow aid devices.
The authors of the papers are members of the "International 
Flow Aids Association" (IFAA), a group of engineers and 
companies whose interests are in the development of flow aids 
in industry throughout the world.
Reference [37 J deals with combined flow. The combination of 
mass-flow design and flow aid devices. The paper discusses 
the advantages and disadvantages of mass-flow and funnel-flow 
bins and also of combined flow.
The author points out that flow aids such as air blasters 
should be considered in the intial design, whenever test 
results or experience show that the bulk solid to be handled 
tends to cake, interlock, or solidify over time.
Reference [38 ], also a paper on combined flow, begins by 
describing a range of bunker/silo geometric design options
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including mass-flow, funnel or core flow and expanded flow 
and goes on to examine some of their advantages and 
disadvantages particularly from an economic viewpoint. The 
author concludes that based on his analysis of cost data, 
that combined flow design provided the least expensive 
storage capacity.
Reference [13] discusses the phenomenon of silo-quaking a 
very severe case of unanticipated loading where one silo 
shockload causes a chain reaction in a number of nearby 
silos. ,
The author outlines the problem by considering a 630 MW Dutch 
power plant. The materials handling part of the plant 
consists of six mass-flow steel bunkers, each of 
approximately 1000 tonne capacity. When handling coal at 
moisture contents around 8 - 9 % ,  bunker shock loading 
occurred sending earthquake type movements into the 
surroundings. These movements were quantified by measuring 
the vertical velocity of the walkway above the coal storage 
bunkers which registered between 10-20 mm/s, whilst in the 
control room some 40 metres away the vibrations had an 
amplitude of 50-120̂ 111.
The authors of the article believe that this type of 
phenomenon is a result of shock loading due to insufficient 
flowability. This is caused by borderline mass-flow leading 
to random changes in the bunker flow pattern as referred to 
by Jenike [2].
The authors believe that shock loading leading to silo 
quaking may be the cause of past silo failures [13].
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An example is quoted of a much larger silo having similar 
wall slopes and experiencing shock loading.
It is the authors opinion that only air cannons can 
effectively and economically solve the problem of severe 
shock loading and silo quaking. An example is given where 
four air cannons, two positioned in the valleys of the 
sloping wall and two on the vertical wall, achieve a coal 
settlement of 10mm without the occurrence of silo quaking.
The dangers of shock loading due to borderline mass-flow with 
reference to expanded flow silos is discussed in detail.
Reference is made to the work carried out by Bransby and 
Blair-Fish on their model tests on dense sand using 
radiographic techniques. The results of this investigation 
show the occurrence of eccentric parabolic arches of low 
density high up in the hopper section. These low density 
regions are attributed to dilatancy of the dense sand as it 
tends to expand as it shears below the arch and moves towards 
the outlet.
The position of the four air cannons used in the previous 
example and their sequence of firing supports this view. The 
very strong tendency to arch on the vertical wall would need 
to be eliminated first by using air cannons one and two.
Cannons three and four would fire after the strongest arch 
abutment had been removed making controlled dilatancy more 
possible. It is the authors opinion based on the above that 
air cannons are the most effective flow aid device available 
for dealing with this type of problem.
- 4 5 -
A very pertinent point is made in this paper in relation to 
air blaster effectiveness which is the basis of the Thesis 
topic. "As well as producing a force to break up the 
consolidating dynamic arches, the cannons also introduce air 
at a critical location to aid dilatancy, reduce arch density 
and improve flow".
Reference is made in the above paper to a recent field test 
investigation [11] which has shown that air blaster units can 
be safely fitted to the walls of steel and concrete 
structures.
Wright, Wear and Swinderman [11] describe a theoretical and 
practical assessment of the forces acting on the walls of 
steel and concrete hoppers and silos during the discharge of 
air cannons.
The maximum forces obtained from field tests on a number of 
air cannons on the market have been used to obtain deflection 
and stress values for a range of steel plate sizes varying in 
area and thickness. The plates are considered as both simply 
supported and fixed. The air cannon force is assumed as a 
point load.
An analysis of the results has provided guidance on the 
sizing of an air cannon unit particularly with respect to 
structural safety as dictated by plate area and thickness.
The guiding 'rules' as outlined by the authors are based on 
limiting the deflection and/or the stress at a critical 
location.
Further discussion takes place for an acceptable steel plate
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thickness assuming a safe structural design for an internal 
bulk pressure and an 'equivalant' reinforced concrete wall 
has been designed and checked out against the margins of 
safety for possible failure under the action of the air 
cannon force. The effect of cutting a hole through the silo 
wall to take the air cannon discharge pipe is also discussed.
The paper is a preliminary attempt to increase the tech­
nological base of the subject and to change some aspects 
of it from an art into a science.
However, the guidelines given for the correct sizing and 
placement of air cannons are empirical only. This Thesis 
will therefore take this procedure further by mathematically 
approaching the concept of sizing and placement and making 
comparisons with the empirical method.
The next section of this paper deals with the theoretical and 
practical assessment of the force output from an air cannon. 
The steady flow momentum equation is used to derive the force 
output. In order to calculate force,the velocity V needs to 
be determined. The calculation of a theoretical exit 
velocity is outlined using a thermodynamic approach involving 
the analysis of temperature change and velocity of air 
flowing from a pressure vessel to atmosphere. The 
mathematical derivations are analysed in Appendices G and H.
To prove the above theory, a practical assessment based on 
field trials was carried out by the authors. The trial 
results are presented in Appendix I.
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The final paper presented in this series is on better flow by 
using air blasting ]. The author introduces his paper by 
commenting that rational design of silos for flow and 
strength can only be based on a complete knowledge of the 
stored bulk materials' physical and flow properties and its 
behaviour in the bin structure.
Incommon with other papers presented in this series, the 
author goes on to discuss mass-flow, funnel-flow, flow 
properties of materials, the flow function and flow factor 
principles, all of which are introduced in Chapter 1.
The advantages and disadvantages of flow promotion devices 
such as vibrators, pneumatic devices, mechanical aids and 
wall linings are discussed.
The author concludes his paper by stating that there is a 
growing opinion that air blasters are currently one of the 
most effective flow aids on the market. When correctly sized 
and specified, correctly fitted and fired in the right order, 
air blasters have the ability to cause dilation or expansion 
giving lower stresses within the bulk solid hence increasing 
the ability of the bulk solid to flow.
2.6 STATE OF THE ART OF THE BIG BLASTER AIR CANNON (47)
The author discusses a number of issues pertinent to the 
subject matter of this Thesis. Particular emphasis is placed 
on the magnitude of forces imposed on the bin structure 
resulting from the air blaster application.
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The author introduces his papers by saying that the concept 
of air blasting has been proven and is already well accepted 
by many industries. This argument is backed up by the case 
histories which he presents towards the end of his paper.
The author goes on to say that there is still much to be 
learned about design and application of the pneumatic 
blasting concept.
The author starts off his discussion by looking back at the 
history of the use of compressed air as a source of power for 
tools and machines, including devices for moving bulk solids. 
Examples given are the piston type vibrators such as the 
motor driven rotary eccentric type. Air application methods 
of evacuating cohesive bulk solids are mentioned, such as the 
air lance and continuous flow air pads. Several flow aid 
devices are relatively sophisticated and somewhat more 
efficient than others. However, the author points out that 
they all display disadvantages such as:
1. Cost - due to high volume of air consumed;
2. Noise - emission from certain flow aid devices can 
result in loss of hearing to workers;
3. Structural fatigue or inefficiency.
The author points out that the noise problem is of prime 
concern to the Department of Industrial Relations. According 
to DIR standards, controlling noise at the source is the 
ideal means of preventing noise induced hearing loss. 
Realising that most industrial vibrators could be detrimental
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to hearing, it became quite obvious that alternate methods of 
promoting flow of particulate solids must be found.
After several years of research and development, the advent of 
a material moving pneumatic air cannon was brought about. 
Unlike vibration devices, the pneumatic blaster shocks the 
mass of cohesive material, fracturing it, and causing free 
flow.
The author continues his discussion on the efficiency of the 
pneumatic blasting device.The three major factors influencing 
the efficiency are:-
1. The degree of free air flow from the device which 
directly affects the force output of the unit as well as 
the velocity of the air escaping.
2. The speed at which the air can be released from the 
tank.
3. System installation and sequence of firing of the air 
blasters.
The most efficient design will allow a given volume of air at 
a given pressure to be released in the least amount of time.
The author discusses two methods of solving the flow 
problem:-
1. Modified bin design.
2 . Flow aid devices.
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Both have their advantages and disadvantages. Generally 
speaking attempts to achieve a balance mix in the flow of 
bulk solids by adjusting the geometry of the bin have not 
been totally successful. However, the static Jenike - Johanson 
design approach [24] may be used under certain conditions.
2.7 BLAST FURNACE RACEWAYS - A REVIEW [7,8]
The raceway zone in a blast furnace is the region influenced 
by the injection of preheated air into the furnace burden.
The theory used on 'cold model' studies is used in the Thesis 
to calculate the 'sphere of influence' of the air blaster.
The objective of this paper is to explain the mechanisms of 
raceway formation and to observe and measure the gas and 
particle dynamic motion under a range of conditions.
Techniques such as photography and pressure measurement are 
discussed and several predictive relations for the estimation 
of raceway depth are given.
The authors discuss other cold modelling studies in the 
literature in particular reference [39] which provides the 
basic empirical background for raceway diameter.
The authors found that measured depth of the raceway was a 
function of the blast momentum and was affected by both 
particle density and size as well as discharge diameter and 
blast volume.
CHAPTER 3 - LOADS EXERTED ON BIN WALLS 





3.5 AIR BLASTER EFFECTS ON
STEEL STRUCTURES
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CHAPTER 3 - LOADS EXERTED ON BIN WALL DUE TO AIR 
BLASTER OPERATION
3.1 INTRODUCTION
This Chapter analyses the reaction forces generated on a bin
structure when air blasters are used to promote flow.
There are basically three types of reactions relevant to this
consideration:
1) Static force effects due to the air blaster self weight 
or Dead loads.
2) Hydrostatic forces generated by the injection of a 
pressure gradient into the stored bulk solid.
3) Dynamic loads caused by the air blaster recoil 
(reaction). These loads are also referred to as 
impulsive forces acting on the bin walls in the 
direction of the air blaster injection axis.
A design criteria in assessing the effect of the air blaster
force on steel plates is presented based on the following:
(a) Control of deformations.
(b) Control of surface yield.
(c) Control of yield spread.
(d) Opening in steel plates.




Static force relationships are developed with reference to 
Figure 3.1. The blaster is mounted by means of flanges to a 
standard mount which has a length of pipe welded to a flat 
plate. The plate is either bolted or welded to the bin 
structure. The dead loads are applied to the bin structure 
via the mount plate and consist of the following types of 
forces:
1. Vertical shear force (F) - This force is due to the
air blaster self weight and is directed straight down
the side of the bin structure.
F = M. g ------------------------------ (3.1)
Where M = mass of air blaster unit obtained from 
Blaster manufacturers data.
g = Acceleration due to gravity
2. Vertical moment (ME) - This is a moment due to the 
vertical shear force times the distance (V*+D*) 
shown in Figure 3.1
ME = F (V* + D*)--------------------  (3.2)
3. Torsion moment (TM ) - This torque is due to vertical 
shear force times the distance from the centre of 
gravity of the air blaster to the centre line of the 
blast exhaust labelled M in Figure 3.1.
i. e. tm - F . K (3.3)
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FIGURE 3.1 - A THREE DIMENSIONAL VIEW OF A TYPICAL AIR
BLASTER [ll] SHOWING PLANES FOR TORSION AND
BENDING
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4. Mount plate to structure connection.
When designing the mount plate the following design checks
must be made:
a) Mount plate bolt loads - structure must be capable of 
withstanding the dead loads discussed earlier.
b) Mount plate weld loads - structure must be capable of 
withstanding the dead loads and the weld strength must 
be adequate.
c) Moment of inertia of mount must be checked.
d) Weld bead must be designed to the relevant welding code.
Figure 3.1 shows a typical air blaster installation making
reference to the compensating plate or mount plate referred
to above.
3.3 HYDROSTATIC LOADS
These forces are generated by the varying, decaying and 
expanding pressure field with time. When a blaster is 
discharged into a stored bulk solid, a pocket of air or bubble 
is introduced as will be shown in Chapters 4. The pocket of 
air expands quickly and dislocates material immediately 
around it. The dislocation relieves the pressure of the 
pocket and the air quickly dissipates into the material. The 
air pocket is commonly known as the AIR PRESSURE GRADIENT.
The gradient is formed due to the ability of the bulk solid 
to dislocate and is a function of the bulk density and the 
volume of void space in the bulk solid or PERMEABILITY. The 
pocket of activity is also called the SPHERE OF INFLUENCE.
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Figure 3.2 shows contours of hoop stresses that develop in a 
hopper when 550kPa and 0.14m3 air blaster is fired into caked 
sodium bicarbonate.
This stress distribution was generated by Flow-of-Solids 
Engineering, a Jenike and Johanson subsidiary, to analyse the 
bolted tank wall where the blaster is to be installed. The 
hoop stress contours were determined using the finite element 
analysis, which is analysed in Chapter 4.
FIGURE 3.2 - HOOP STRESS CONTOURS
3.4 D Y N A M I C  L O A D S
3.4.1 Concepts and analogies.
A concentrated IMPULSIVE FORCE acting on the bin walls in the 
direction of the air blaster injection axis results when the 
air blaster is fired. To illustrate the impulsive force the 
air blaster pressure vessel is compared in an analogy with a 
tank filled with liquid. When the blaster is charged with 
air, the contained air is under a head of pressure. The tank 
filled with liquid also has a head pressure depending on the 
liquid depth. As the liquid is withdrawn from the tank, the 
total head of the tank falls as shown in Figure 3.3. The air 
blaster is also a falling head situation. As the air begins 
to evacuate the tank, the pressure head (or driving force) 
falls.
The effect of the blast is the same type as that which is 
caused by using a garden hose with a trigger handle nozzle.
If the person operating the hose was directing the water 
stream against a flat plate perpendicular to the water 
stream, and squeezed the hose nozzle which permitted full 
flow then quickly released the handle which interrupted the 
water stream, an analogy to the air blast exists. That is, 
when the nozzle is opened, the stream of water takes off from 
the hose at line pressure. As the nozzle is closed the water 
stream tails off. The water against a flat plate causes an 
impulse which is initially high and declines until the flow 
is stopped.
An impulse is a force which acts over a short period of time. 
A diagram of an impulsive force which goes from zero to a 
maximum and back to zero is shown in Figure 3.4.
Orifice A = Orifice B
hA =hB
At time 1 is greater than






Increased air blaster volume has the effect 
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Increased blaster volume has the effect of lengthening the 
period of time during which the impulse occurs. While the 
magnitude of the force will be shown not to be affected by 
volume,the duration is dependent on volume of air.
A further analogy is two liquid tanks of differing diameter 
but with the same head. Each tank has the same diameter 
outlet. Both tanks are filled to the same head h and a plug 
inserted into both openings. The plug is then removed 
simultaneously. The jet of liquid will rise to the same 
height for both systems, indicating an equal force. For any 
height of liquid there will be the same output in both tanks. 
The difference is that the liquid height will fall faster in 
the smaller diameter tank due to less volume of liquid which 
must pass through the opening.
The impulse diagram in Figure 3. 4 could also describe the two 
liquid tanks with solid line representing the smaller tank, 
and the dotted line representing the larger.
These considerations lead to a thermodynamic and a practical 
approach in determining the force output from an air blaster.
a) The Thermodynamic approach considers the force 
necessary to decelerate a moving fluid to zero.
Once this output is determined the magnitude of the 
force will be the same for all equal orifices.
The pressure vessel volume will dictate the duration 
of the output. This concept is discussed in 
Appendix G.
b) The Steady Flow Momentum equation is also used to 
calculate a theoretical force output. In order to 
calculate force the velocity needs to be determined.
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The calculation of a theoretical exit velocity is 
possible using a thermodynamic approach involving 
the analysis of temperature change and velocity of 
air flowing from a pressure vessel to atmosphere.
This concept is discussed is Appendix H.
c) A practical assessment in determining force output
from air blasters has been made by Martini Manufacturer ) 
Engineering Co. and is discussed in Appendix I.
Air blaster units, which are listed in table A 7 were 
tested with their exhaust nozzles in the vertical 
position whilst being held rigidly in a steel test 
frame. The 'g' force was measured using spectral 
dynamics spectrascope, using an accelerated mass 
impacting against a steel plate.
3.5 AIR BLASTER EFFECTS IN STEEL STRUCTURES
3.5.1 Background considerations.
Steel plates have been used over many years to form the walls 
of bins and silo structures.
The most usual function of the thin-plate element is to 
withstand the lateral load generated by the stored bulk 
material, or to act with the adjoining structure in 
sustaining in-plate forces or both of the above.
The boundary conditions of any plate arrangement can be 
considered as at or between two extreme conditions.
(a) Edges being rotationally fixed .
(i.e. clamped edge case)
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(b) Edges being rotationally free •
(i.e. simply supported edge case)
The selection of design criteria for wall plates in bins and 
silos should be such that the plate remains serviceable under 
its various loading conditions.
3.5.2 Design criteria in assessing the effect of 
air blaster force on steel plates.
(a) Control of deformations - In thin wall plates the 
maximum allowable deflection is specified as a ratio of 
plate thickness to the spacing between the stiffeners. 
The permissible out of plane deflection varies between 
1/100 to 1/400 of this spacing.
Where the steel wall plates have protective wearing 
surfaces, care must be taken to ensure that the 
allowable deflections chosen avoid cracking of the 
lining surface. For the case study considered a 
deflection limit ratio of 1/1000 is chosen.
(b) Control of surface yield - For a bin, local yielding 
under repeated loading and unloading may result in 
undesirable deformations in the form of dishing
of plates between the stiffeners, which should in 
general be avoided to prevent permanent deformation 
of the plate panel.
The location of the point of maximum equivalent 
stress generally occurs at the centre of the plate, 
at an outer edge or corner, or at the mid-point of 
the longer edge.
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For the case study considered a maximum stress 
value of 155 N/mm^ is chosen.
(c) Control of yield spread - Excessive local permanent 
deformation is limited if yielding does not spread 
through the whole thickness of the plate. In the 
control of yielding in plates subject to repeated 
loadings', fatigue becomes a major consideration and 
thus the allowable stresses should be reduced to comply 
with the fatigue life required for the structure.
Cycle fatigue can cause failure of a structural member 
which breaks during a load cycle that it has previously 
withstood. This type of failure can occur in a bin 
subjected to cyclic stresses in the elastic range. All 
components, i.e. plates, stiffeners and welds must be 
checked to ensure that the number of cycles and the 
stress generated are within acceptable limits.
3.5.3 Openings in steel plates
(a) Single opening
The size of opening to the size of plate panel is critical 
when designing air blaster applications. The larger this 
ratio the larger will be the effect on the structure.
Steel is notch sensitive and in general, openings will weaken 
the plate and give rise to fatigue problems if the applied 
load fluctuates.
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Various methods exist which deal with the problem of 
compensation of isolated openings in containers with internal 
pressure.
- The first method requires that the area of plate removed 
by the hole should be added as reinforcement around the hole.
- The second method is based on the limitation of the peak 
stress or strains that occur in the neighbourhood of the 
opening.
- The third method is based on the adaption of a stress 
concentration factor, defined as the ratio of the maximum 
stress near the opening to the design stress for the 
unpierced plate.
(b) Multiple openings
If several openings are grouped together over a comparatively 
small region, the problem then arises of determining the 
effect of the interaction between openings.
The interaction will depend on the distance between the 
centre lines of each pair of openings. The interaction will 
be negligible when the distance between the openings becomes 
sufficiently large. In this case each opening can be treated 
individually.
The empirical and theoretical procedures for the selection 
and placement of air blasters outlined in Chapter 7 will 
ensure that the air blasters entry holes are sufficiently far 
apart as not to constitute a problem with interaction.
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3.5.4 Plate thickness assessment for a given
air blaster force based on limited 
stress deflection
(a) Limited stress
The force used in the calculation for limited stress is the 
maximum experimentally derived by Martin Engineering Co. for 
their BB4 - 2 - 30 at 689 kPa. From Table A7 in Appendix 
H, the maximum force is 5.208 kN. Plate thicknesses 
considered range from 3mm to 10mm in both simply supported 
and clamped edge case. A range of symmetrical plate areas
o 2are considered for 0.93nr (about 1067mm dia) up to 9.3m 
(about 3454mm dia).
A design stress of 155 N/mm^ is chosen with a cut-off value 
of 300 N/mm^ as shown in Figure 3.5. Not all the stress 
levels are plotted as they are over the cut-off line and are 
unrealistic. Severe permanent deformation would occur in 
this zone.
Of the simply supported plates the 10mm is wholly within the 
acceptable stress level. The 8mm plate can only be used for 
areas up to 1.39m^ (1321mm dia).
In the case of the clamped edge plates the situation improves 
considerably. The 8mm plate is totally acceptable and the 









, , 2 Plate Area ft.
FIGURE 3.5 - THE EFFECT OF LIMITED STRESS ON PLATE 
THICKNESS/AREA CONSIDERATIONS FOR A 
GIVEN AIR BLASTER FORCE [11]
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(b) Limited deflection
As with the previous consideration the force used is 5.2 kN, 
using a BB4-2-30 blaster at 689 kPa. The plate thicknesses 
were again 3 to 10mm. The limiting deflection to stiffener 
spacing ratio is chosen as 1/100 which gives approximately 
34mm for a 9.29m^ plate (3454mm dia).
Figure 3.6 gives the details. In the range of plate areas of 
(0.93m^ - 9.29m^) the 10mm plate in the simply supported 
condition has an acceptable deflection up to 7.43m (3073mm
dia).Thicker plates are acceptable over the areas considered. 
The 8mm plate in the clamped edge condition is completely 
acceptable over the whole range of areas.
We can conclude from the previous two exercises that the 
Martin BB4-2-30 unit or its equivalent should not be used 
with plate sizes thinner than 8mm unless special 
consideration is given to stiffening to keep both stress and 
deflection within acceptable limits. Fixing can be provided 
by channels, angles etc. The corner of a pyramidal or 
rectangular bin should not be regarded as a fixing element.
The mount plate used, in essence, is to compensate for the 
hole in the parent plate. It does also provide stiffening 
support to the bin wall.
The mount plate should therefore be considered as providing 
for the metal removed in fitting the air blaster through the 
bin wall and also to take account of the static forces and 
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dia. dia.2Plate Area ft.
FIGURE 3.6 - THE EFFECT OF LIMITED DEFLECTION ON PLATE 
THICKNESS/AREA CONSIDERATIONS FOR A GIVEN 
AIR BLASTER FORCE [11]
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CHAPTER 4 MATHEMATICAL MODELLING OF FLOW 
FROM AN AIR BLASTER
4.1. INTRODUCTION.
This Chapter deals with the development of a mathematical 
model to approximate the fluid flow behaviour generated by an 
air blaster.
Simplified analysis of unsteady radial gas flow [4] is 
presented. The differential equation which describes the 
flow of gas through a porous medium is solved by developing a 
lumped element gas flow model. Gas continuity is considered 
through the solid approximated by an assemblage of discrete 
lumped elements.
The effective gravitational acceleration concept advanced by 
Johansonfl] is viewed as a Critical Arch Reduction Factor.
The same concept coupled with a non-linear diffusion and non­
linear elastic plastic finite deformation problem in plane 
strain is used to theoretically calculate the effect of an 
air blaster on tar sand [44].
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4 . 2  A  S I M P L I F I E D  A N A L Y S I S  O F  U N S T E A D Y  R A D I A L  GA S  FLOW.
4 . 2 . 1  M a t h e m a t i c a l  r e l a t i o n s h i p .
M a t h e m a t i c a l l y  the f l u i d  f l o w  b e h a v i o u r  g e n e r a t e d  (in a 
s y m m e t r i c a l  i n f i n i t e  hal f  s p a c e  b o u n d e d  b y  a p e r f e c t l y  
r i g i d  p lane) b y  an air b l a s t e r  c a n  be a p p r o x i m a t e d  by a 
d i f f e r e n t i a l  e q u a t i o n  w h i c h  d e s c r i b e s  the f l o w  of a gas 
t h r o u g h  a p o r o u s  medi u m .  [4]
82( p / p )o
a 2 dr
3(p/p )2 O+ _  _____________r 8r
^p8(P/PQ) 
P K 8t
( 4 . 1 )
W h e r e  :
p is the a b s o l u t e  p
p o is the i n i t i a l  ga
sp ace /
M is the v i s c o s i t y
K is the p e r m e a b i l i
is the v o i d a g e  or
r is the s p h e r i c a l
t is the t i m e  v a r i a
•
q is the rate of ga
It is w o r t h w h i l e  to e x a m i n e  in d e t a i l  the a s s u m p t i o n s  








The r e s e r v o i r  (air blaster) is impermeable.
Th e  o n l y  f lowing phase is a gas of c o n s t a n t  
c o m p o s i t i o n .
Th e  d e n s i t y  of this gas is d i r e c t l y  p r o p o r t i o n a l  to 
the p r e s s u r e  (Boyle's law).
The flow obeys Dar c y ' s  law i.e. in the v i s c o u s  range. 
T h e  v i s c o s i t y  of the gas is constant.
G r a v i t a t i o n a l  forces are constant.
For air b l a s t e r s  q m a y  be a p p r o x i m a t e d  by an i mpulse point 
gas sou r c e  at the o r i g i n  of the c o o r d i n a t e  that is:
q qr w(t) w(r) (4 .2 )
The b o u n d a r y  c o n d i t i o n s  to e q u a t i o n  (4.1) are
P = P a l l  r for ( 4 .3 )o
and
P = Pq all r for t = 00 (4.4)
A n  e x a m i n a t i o n  of e q u a t i o n  (4.1) reveals that b o t h  the bulk 
d e n s i t y  and p e r m e a b i l i t y  of the s tored b u l k  solid must be 
k n o w n  to p r e d i c t  the p r e s s u r e  v a r i a t i o n  s u r r o u n d i n g  a point 
i m p u l s i v e  gas flo w  source.
A n a l y t i c a l  s o l u t i o n s  to e q u a t i o n  (4.1) are d i f f i c u l t  since 
e q u a t i o n  (4.1) is non-linear. N u m e r i c a l  s o l u t i o n  
techniques are therefore mandatory.
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An initial approximate numerical solution to the gas flow, 
evaluated by use of a lumped element gas flow model is 
presented in figure 4.1. An examination of this figure 
suggests that the pressure gradient at each particular 
location will have the largest magnitude at the instant the 
pressure disturbance reaches the location of interest.
Hence it is possible to predict the maximum fluid flow 
generated pressure gradient as a function of radial 
distance from the source of the air blaster. Subsequently, 
using the total effective gravitational acceleration, it is 
possible to predict the maximum arch reduction factor as a 
function of radial position. The concept of total 
effective gravitational acceleration is considered in 
section 4.3 of this Chapter.
4.2.2 Lumped element gas flow model.
The effect generated by an air blaster operation can be 
approximately modelled by developing a LUMPED ELEMENT GAS 
FLOW MODEL for the same. The term lumped element model is 
used because within any discrete element the variables are 
assumed to be spatially invariant.
For the problem at hand the lumped element model is 
developed by considering gas continuity through the solid 
approximated by an assemblage of discrete lumped elements.
In particular continuity of gas flow into the Ith element 
of this assemblage as depicted in figure 4.1, requires :
Qi-i °i ■ dt (PI°1 VOlI) + qi (4.5 )
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is the gas mass flow rate into element I, 
is the gas mass flow rate from element I, 
is the gas density in the Ith element,
is the bulk solid voidage in the Ith element,
. 3 3is the volume of the Ith element = 2tt (r -r _^)/3
is the gas generation (in kg in the Ith
element.
Assuming perfect gas behaviour.
Pi = piRT ------------------
which implies:
(4.6 )
( 4 . 7 )
where p is the initial gas density at the initial gas
pressure P .o
Substituting eqn (4.7) into eqn (4.5) and noting that p, 
P , Volj are constants and on assuming (for a first 
approximation) p is constant for element I then:
Qi-l Qi
P PT , dP r o 1 I  V o l j  __I
Po
( 4 .8 )dt
-7 4







Applying eqn. (4.9) to the case of steady gas flow through 
a spherical element where
vp.
P . 2Kg 4iTr
Tr dP = -p K __
g dr
(4.1 0)
Integrating eqn (4.10) between the limits p = p^ at 
r = r1 and p = p2 at r = r2 yields on rearranging:
q
4ir
( 4 . 1 1 )
Equation (4.11) can be put in the standard linear physical 
relation form: »
qR = Ap (4 .1 2 )
(which is comparable to its electrical analogy (AV = iR) ) 
where
4ir P kg
l ( 4 . 1 3 )R
r
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i-l 4tr ri i + 0.5Ar rj i “ 0•5^r P i-x K
( 4 .1 5 )
and
i-l







( 4 . 1 7 )
Where
R l
4ir r̂. + 0.5Ar - 0.5Ar P iK
(4.1 8)
and
Pi (pi+i + V 2P (4.1 9 )
Substituting (4.14) and (4.17) into eqn. (4.5) yields the 
following total differential equation, expressed in terms 
of the system model variable.
pi pi-i pi+i pi dPI
R Po I dt
+ qr - - (4.20)
1-1 RI
If the mass surrounding the air blaster is approximated by 
ten elements then a set of ten simultaneous total 
differential equations (one for each element) of the form 
of equation (4.20) must be developed.
This system of equations may be solved by readily available 
simultaneous total differential equation (TDE) computer 
packages. For the case at hand the system was solved by 
using the computer package MIMIC available on the 
University of Wollongong main frame computer (Appendix E).
The above package was used to solve the air blaster effects 
on two different bulk solids (tested using the experimental 
rig) copper concentrate and coal.
The computer results obtained are compared with the 
experimental results and also with the theoretical results 
based on continuum mechanics theory extended to include 
fluid flow and solved using the finite element technique.
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4.3 TOTAL EFFECTIVE GRAVITATIONAL ACCELERATION CONCEPT.
4.3.1 Introduction.
Essentially air blasters generate a rapid (or impulsive) 
air flow through a bulk solid. This air pressure field and 
associated gradients surround the injection point. The 
effect of the air pressure gradients below the air 
injection point is to induce additional assistive body 
forces on the bulk solid significantly greater than due to 
gravity alone. (It should be noted that above the air 
blaster injection point the gas pressure gradients act to 
oppose gravity.) These air pressure gradients are best 
accounted for by the total effective gravitational 
acceleration concept advanced by Johanson [1].
4.3.2 Critical arch reduction factor (carf)
The total effective gravitational acceleration concept is 













is the fluid pressure gradient in the direction of 
the fluid flow.
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p is the bulk density of the bulk solid at the point
of interest.
Substituting equation (4.21) into the equation for the 
critical bin dimension parameters defined in Chapter 1 
and Figures 7#1 and 7*2, the following equations result:
a H (a)
B = _ ---------  ---------------------------------------------------------- (4.22)
P ge
Df







An examination of equations (4.21) to (4.24) suggests that
for unconfined bulk solids the total effective gravity
generated by the fluid flow may be viewed as a CRITICAL
ARCH REDUCTION FACTOR (C .) by:art
car f „ 1 dP1 + ___ _p g dS a
(4.25)
It is evident from the above equation that if the critical 
arch reduction factor is known at a point then it is 
possible to predict the air pressure gradient at the same 
point by rearranging equation (4.25)
-  = P ga (Carf - X) ----------------- (4'26)dS
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It has been noted already that the air pressure gradients 
acting above the air injection point act counter to 
gravity. Hence, the C _ above the air blaster injection 
point is less than unity or may in fact become negative.
One advantage of this effect is that the bulk solid in the 
hopper above the air blaster injection point may fluidize 
after operation of the blaster. This fluidization can 
cause the bulk solid to display instantaneous flow 
properties after the air blaster air pressure field is 
fully dissipated. This concept is investigated by filming 
the air pressure field on a video tape as it is dissipating 
through the path of least resistance. The results of the 
video film are discussed in Chapter 6 and Appendix D.
It should also be noted that fluid flows may also act to 
cause additional consolidation whenever the bulk solid is 
confined.
Since both the pressure gradients generated by the fluid 
flow and the bulk density vary continuously in the flow 
field, the C  ̂varies continuously in the same flow 
field.
The C need only be evaluated at critical locations
corresponding to the level at which flow obstructions
occur. In relation to air blasters, the C r will bearf
shown to decrease continuously with the distance below the 
injection point and also decrease continuously with the 
time after the 'firing' of the air blaster.
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4.4 CONTINUUM - MECHANICS THEORETICAL APPROACH USING
FINITE ELEMENT TECHNIQUE TO CALCULATE THE PRESSURE 
VARIATION FROM AN AIR BLASTER.
A Solution of equation (4.1) and subsequent evaluation of
the critical arch reduction factor C  ̂ as a function ofarf
radial distance from the air blaster injection point have 
been evaluated and presented by Johanson [1] for tar 
sands. The article does not provide a detailed solution of 
the theory, therefore in this section, the finite 
difference technique is used applying the marching method 
of solution from the centreline of the bin to the wall [44]
The analysis assumes a plain-strain, axi-symmetric stress
condition. The initial density of the solid is a function
of the effective head, Hx... The initial consolidationIN
pressure is:
IN = HIN IN
(4.2 7)






Where P is the value of P corresponding to o
choice a = a , and 3 is the compressibility 
the bulk solid. a Q, pQ and 3 are constants 











and, as gas consolidation causes a rise of major pressure






G ' ° t  \  -a 
\ °IN /
(4.31)
Gas pressure gradients which develop within the solid are a 
function of the permeability of the solid which also 
changes with density. A similar exponential function is 
used [23] . ■
K Ko
(4.32)
Where Kq is the value of K corresponding to the arbitrary
choice o = o q, and a is the permeability constant for the
bulk solid, o , K and a are constants obtained by o o
measurements run on a sample of the bulk solid (Figure
6.3). For o = a / with the stress ratio replaced by the









For a = â_
K K.IN G - a / i 3
(4.34)
Kq and a are obtained by measurements run on a sample of 
the material.
Darcy's equation is used to relate superficial gas velocity 
V with gas pressure gradient
v K dP 
g p dR
(4.35)
R is measured along the hopper as shown in Figure 4.1.
P is the gas pressure. Substituting eqns. (4.31) and 
(4.34) into eqn. (4.35) the following relationship for V 
results.
* I N _  g1-«/B dP
9 Pin dR
(4.36)
A ratio of radial stress to hoop stress is needed 
(Figure 4.2). A constant Poisson ratio is assumed. For 
plane strain the stress ratio KS = ar/a^ is quoted from 
[ 441
KS °r _ ( l - v ) e r  + v et 
a v er + ( l - v ) e t
(4 .3 7 )
Where er and et are the radial and hoop strains 
respectively. Solids continuity is given by
p R dR PIN RIN dRIN (4.38)
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D= FINITE DIFFERENCE 
R=DISTANCE ALONG HOPPER WALL 
AS SHOWN IN FIG. 4.1
Ô'r=RADIAL STRESS 
(T^HOOP STRESS
FIG 4.2- FINITE ELEMENT TECHNIQUE -SINGLE ELEMENT
OF SOLID CONTAINING A MOVING FLUID Eqn. (4.45) (44)
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Where R ^  and dRJN a re  th e  i n i t i a l  v a lu e s  o f  R and dR.  
Since G = pl N / p -------------------------------------------------------------- ( 4 . 3 1 )
Therefore p ̂  = Gp —  —  — — — — — — —  — —  —  —  —  —  (4* 38 a) 
S u b s t i t u t e  f o r  pIN  i n  e q u a t io n  ( 4 . 3 8 )
p R dR = G p R .dR (4.38b)
IN IN
E l i m i n a t i n g  t h e  P f rom  b o th  s id e s  o f  Eqn. ( 4 . 3 8 b )  f i n d :
R dR = GRtvt dRTVT ----------------------------------------------------- (4.3 9)IN IN
The s t r a i n s  a re  e x p re s s e d  by 





W it h  r e f e r e n c e  t o  F i g u r e  4 . 3 ,  as R i n c r e a s e s  to w a rd  th e  
w a l l s ,  t h e  s t r e s s  r a t i o  KS, e q n . ( 4 . 3 7 ) ,  d e c re a s e s  f rom  1 a t  
t h e  a x i s  o f  symmetry tow a rd  0 and, a t  some r a d i u s  RI N / 
assumes t h e  l i m i t i n g  p l a s t i c  v a l u e  KS , w h ic h  i sp
m a i n t a i n e d  t o  t h e  w a l l .
CALCULATIONS ARE CARRIED OUT ABOUT ELEMENT (I,J) 
INITIAL RADIAL LENGTH OP ALL ELEMENTS IS d R ™
C
1,J _____ 3,J .
2 j-2,j-■2
I
n I i - L j___ I aJ i+ l .J
I . J - 1
i , j -2
1 L I L L
time-0 ~  „L2-
1 2x1
-4—
AXIS (n - 2 ) dRin =R/5D WALL
I
00VJ1I
FIG.4.5- FINITE ELEMENT GRID- REFER TO CALCULATIONS PROCEDURE IN SECTION 4.4.2
c ¿3 ]
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I n  a x i a l  symmetry t h e  p r i n c i p l e s  o f  i s o t r o p y  and p l a s t i c  
p o t e n t i a l  e n f o r c e  t h e  Haar and Von Karman h y p o t h e s is  w hich  
s t a t e s  t h a t  i n  a x i a l  symmetry t h e  c i r c u m f e r e n t i a l  s t r e s s  i s  
e q u a l  t o  e i t h e r  t h e  m a jo r  o r  t h e  m inor  s t r e s s  o f  th e  
m e r i d i a n  p la n e  [ 1 0 ] .
Hence,  f rom  t h e  Von Karman h y p o t h e s is
KSp = 1 ~ Sin 6 ---------- .---------------------- (4.42)
1 + sin 6
where  6 i s  th e  e f f e c t i v e  a n g le  o f  i n t e r n a l  f r i c t i o n  o f  th e  
s o l i d .
Gas c o n t i n u i t y ,  assuming a c o m p r e s s ib le  gas f o l l o w i n g  th e  
i s o t h e r m a l  p e r f e c t  gas la w ,  i s  o f  t h e  form
9__ (h ,R,Ar,p ) + A(R, P5 v) = o --------------------- (4.43)
9t
where  n i s  
f ro m  ( 4 . 3 9 )
—  (n, G, p )
9t
t h e  p o r o s i t y  o f  t h e  s o l i d .  S u b s t i t u t e  f o r  
and e l i m i n a t e  V by means o f  D a rc y  ( 4 . 3 6 )
= k i n  9
9r _._ 9r
_ _ l - a / B  9p . .  . , .  R G P __ -  -  (4.44)
g PIN RIN IN
R.dR
F i n a l l y ,  t h e  e q u a t i o n  o f  e q u i l i b r i u m  o f  an e le m e n t  o f  s o l i d  
c o n t a i n i n g  a moving f l u i d  i s  d e r i v e d  w i t h  r e s p e c t  to  
F i g u r e  4 . 2
9a 9p a -  ar r t _
___  + __ + _______  = 0 -  (4.4 5)
'9r 9r R
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From ( 4 . 2 7 )  and ( 4 . 3 1 )
O = H q p G t IN y PIN
-l/B (4.46)
hence by d i f f e r e n t i a t i o n
3a.
9r
h i n g PIN -1-1/0 3g
( 4 .4 7 )
0 9r
E l i m i n a t e  t h e  a term s i n  ( 4 . 4 5 )  by s u b s t i t u t i n g  Eqn. ( 4 . 4 6 )  
and Eqn. ( 4 . 3 7 )  and s o lv e  f o r :
9P -1/B dKS KS 9G KS= G I - + - X
9r 9r D G  9r
h in g Pin - - (4-48)
/
I n  o r d e r  t o  n o n d im e n s io n a l i z e  t h e  v a r i a b l e s ,  t h e  f o l l o w i n g  
s u b s t i t u t i o n s  a re  made
P = RAD p i n g p ’ (4.49)
m RAD .T = T ' (4.5 0)
K.IN
R = RAD R ( 4 .5 1 )
Ri n = RAD r i n - (4.5 2)
v = k i n v ‘ ( 4 .5 3 )
H.IN IN'RAD H (4.5 4)
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where:
P is b l a s t e r  air p r e s sure;
RAD i s  d i s t a n c e  f rom  p o i n t  o f  i n j e c t i o n  o f  a i r  b l a s t e r  
norm al  t o  t h e  hopper w a l l ;
V i s  s u p e r f i c i a l  a i r  v e l o c i t y ;
R i s  r a d i a l  c o o r d i n a t e ;
T i s  t im e  a f t e r  i n i t i a t i o n  o f  a i r  b l a s t e r ;
RIN  v a -̂ue ° f  R a t  t im e  T = O
L  (n g p ) 
3t r i n 9r in
R g 1-0C/^ P &
9r
(4 .5 5 )
T T
3p i n -i /b 3ks k s 3g k s - i__ = ___  G - ___ + ______ - ________
3r r a d  3r B g 3r r
KS i s  d e f i n e d  by e q u a t i o n  ( 4 . 3 7 ) ,  ( 4 . 4 0 )  and ( 4 . 4 1 )  as a 
f u n c t i o n  o f  R. The second P d e r i v a t i v e  i s  o b t a i n e d  by 
d i f f e r e n t i a t i o n  o f  ( 4 . 5 6 ) .
(4.5 6)
2 H r 23 p _ _ l 3g 3p _ i n g -i /B J 3 k s 3k s
gR2 B G 3r 3r RAD L9r 2 9r
l  3g l_____  ____ + _
B G 3R R
KS 1 3G \ 2 1 92G KS - 1
B | G 3R | G gR2 R2
( 4 . 5 7 )
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i n  i n  G\ 1 3p l - a / f i  8g 8p
2 R R 9r g 8r 8r
+ (4.58)
Where pp i s  t h e  p a r t i c l e  d e n s i t y .
C a l c u l a t i o n s  a re  c a r r i e d  o u t  about  e le m e n t  ( I , J ) ,  F i g u r e  
4 . 3 .  The i n i t i a l  r a d i a l  l e n g t h  o f  a l l  e le m e n ts  i s  dRT.T 
and i s  c o n s t a n t .  Symmetry i s  assumed and m a in t a in e d  w i t h  
r e s p e c t  t o  t h e  a x is  o f  th e  b i n .  Skewsymmetry i s  assumed 
w i t h  r e s p e c t  o f  th e  Time = 0 l i n e  i n  F i g u r e  4 . 3 ,  f o r  th e  
f i r s t  t h r e e  t im e  e le m e n ts .  I n i t i a l  d e n s i t y  i s  d e te rm in e d  
by t h e  e f f e c t i v e  head o f  s o l i d ,  HTM. I n  a c o n i c a l  b i n ,  
t h e  head i s  t a k e n  e q u a l  to  t h e  r a d i u s ,  RAD, d e c r e a s in g  
to w a rd  z e ro  a t  t h e  v e r t e x .  I n i t i a l  a i r  p r e s s u r e  PT.T i s  
assumed c o n s t a n t  th ro u g h o u t  th e  b i n .
4 . 4 . 2  C a l c u l a t i o n s  P r o c e d u r e .
A m arch ing  method o f  s o l u t i o n  f rom  th e  a x i s  o f  th e  b in  to  
t h e  w a l l  i s  used .  C a p i t a l  l e t t e r  D i s  used to  d e n o te  
f i n i t e  d i f f e r e n c e :
The sequence o f  c a l c u l a t i o n  i s  as f o l l o w s :
1 .  Maximum f i n a l  d e n s i f i c a t i o n  GF <1 i s  a s s ig n e d .
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2 .  The t im e  i n t e r v a l  o f  a i r  b l a s t e r  p r e s s u r i z a t i o n  TF i s  
e s t i m a t e d  and a s s ig n e d .
3 .  I n i t i a l  v a lu e s  a t  Time T ( 2 )  = O f o r  G ( I , 2 )  = 1 and 
P ( I , 2 )  = PIN  a re  a s s ig n e d  a t  a l l  e le m e n ts  ( 1 , 2 ) .
4 .  A t im e  s t e p  DT i s  a s s ig n e d .  W i th  skewsymmetry, t h e r e  
i s  T ( 1) = -D T ,  T ( 3 )  = DT.
5 .  D e n s i t y  i s  a s s ig n e d  f o r  a l l  e le m e n ts  ( 2 , J )  f rom  th e  
a r b i t r a r i l y  chosen h y p e r b o l i c  r e l a t i o n
G(2,J) = (TF+(J-2)DT GF)/(TF+(J-2)DT)
For  t h e  f i r s t  t im e  s t e p ,  f o r  a l l  v a lu e s  o f  I ,
G ( I , 1 )  = 2 - G ( I , 3 )  due to  skewsymmetry.
6. I n i t i a l  gas p r e s s u r e  r i s e  DP i s  a s s ig n e d ,  so t h a t  
P ( 2 , 3 )  = PIN  + DP For  t h e  f i r s t  t im e  s t e p ,  f o r  a l l  
v a l u e s  o f  I ,
P ( I , 1 )  = 2 P i n ~ P ( I - 3 ) ,  due t o  skewsymmetry.
7 .  A l l  v a l u e s  a r e  now e s t a b l i s h e d  a t  e le m e n ts  ( 2 , 1 ) ,  ( 2 , 2 )  
and ( 2 , 3 ) .  The l e f t  s i d e  o f  Eq. ( 4 . 5 8 )  i s  computed a t  
e le m e n t  ( 2 , 3 ) .
8 .  I n  o r d e r  t o  compute t h e  r i g h t  s i d e  o f  Eq. ( 4 . 3 8 )  v a lu e s  
o f  R, DR, G, KS a t  e le m e n t  ( 3 , 3 )  must f i r s t  be 
e s t a b l i s h e d .  T h is  i s  done by i t e r a t i o n .
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N o te  t h a t ,  due to  symmetry about  t h e  a x i s  o f  th e  
c y l i n d e r ,  t h a t  i s :  R ( 1 , 3 ) = - R ( 3 , 3 ) ,  G ( 1 , 3 ) = G (3 , 3 )  and 
KS( 1 , 3 ) = K S (3 , 3 ) .  An i n i t i a l  v a l u e  o f  G ( 3 , 3 )  i s  t a k e n  
e q u a l  t o  G ( 2 , 3 ) .  Then f rom  ( 4 . 3 9 )  and th e  r e l a t i o n  o f  
F i g u r e  4 . 3 .
R( 3 , 3 )  = R ( 2 , 3 )  + 0 . 5 (DR( 2 , 3 )  + D R ( 3 , 3 ) ) .
D R ( 3 , 3 )  and R ( 3 , 3 )  a re  computed.
K S ( 3 , 3 )  i s  th e n  found f rom  E q u a t io n s  ( 4 . 3 7 ) ( 4 . 4 0 )  and 
( 4 . 4 1 ) .
9 .  The d e r i v a t i v e s  o f  G and KS w i t h  r e s p e c t  to  R a t  p o i n t  
( 2 , 3 )  a re  now computed f rom  p a r a b o l i c  f i t s  th ro u g h  
p o i n t s  ( 1 , 3 ) ,  ( 2 , 3 ) ,  ( 3 , 3 ) .  P d e r i v a t i v e s  w i t h  r e s p e c t  
t o  R a t  ( 2 , 3 )  a re  computed f rom  E q u a t io n s  ( 4 . 5 6 )  and 
( 4 . 5 7 ) .
10 .  The r i g h t - h a n d  s id e  o f  eq .  ( 4 . 5 8 )  i s  computed.
11 .  S in c e ,  eq .  ( 4 . 5 8 )  i s  i n e v i t a b l y  n o t  s a t i s f i e d ,  th e  
i n i t i a l  v a l u e  o f  G ( 3 , 3 )  i s  m o d i f i e d  and c a l c u l a t i o n s  8 
t o  10 a re  r e p e a t e d .  T h is  i t e r a t i o n ,  c a l l  i t  A, 
c o n t in u e s  u n t i l  Eq. ( 4 . 5 8 )  i s  s u f f i c i e n t l y  c l o s e l y  
s a t i s f i e d .
12 .  Subsequent  s te p s  I  > 3 a re  computed i n  t h e  same manner  
t o  t h e  l a s t  e le m e n t  I  = N.
1 3 .  The v a l u e  o f  R ( N , 3 )  d i f f e r s  i n e v i t a b l y  f rom  1.
T h e r e f o r e  a new v a l u e  o f  DP i s  a s s ig n e d  and
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c a l c u l a t i o n s  6 to  12 a r e  r e p e a t e d .  T h is  i t e r a t i o n ,  
c a l l  i t  B, c o n t in u e s  u n t i l  t h e  e r r o r  R ( N , 3 ) - 1  i s  
s u f f i c i e n t l y  s m a l l .
1 4 .  C a l c u l a t i o n s  a re  now advanced t o  t h e  n e x t  t im e  s t e p ,  
J = 4 .  s in c e  a l l  v a lu e s  a re  d e t e rm in e d  a t  s te p s  J=2 and 
3 ,  skewsymmetry does n o t  a p p ly  any more.
15 .  These c a l c u l a t i o n s  proc e e d  u n t i l  t h e  a s s ig n e d  gas 
p r e s s u r e  a t  t h e  a x i s  i s  e x c e e de d .  The t im e  i n t e r v a l  o f  
p r e s s u r i z a t i o n  T i s  now compared w i t h  t h e  i n i t i a l l y  
a s s ig n e d  v a l u e  TF .  A new TF=T i s  a s s ig n e d  and 
c a l c u l a t i o n s  3 to  14 a re  r e p e a t e d .  T h is  i t e r a t i o n ,  
c a l l  i t  C, p roceeds  u n t i l  t h e  d i f f e r e n c e  T - T f  i s  
s u f f i c i e n t l y  s m a l l .
The above i t e r a t i v e  p ro c e d u re  i s  used by Johanson [ 43]  to  
d e r i v e  t h e  g r a p h i c a l  o u t p u t  i n  F ig u r e s  4 . 4  and 4 . 5 .
F i g u r e  4 . 4  d e s c r i b e s  t h e  a i r  b l a s t e r  e f f e c t  on t h e  b i n  w a l l  
as a f u n c t i o n  o f  d i s t a n c e  f rom  p o i n t  o f  i n j e c t i o n  and t im e  
a f t e r  i n i t i a t i o n  o f  a i r  b l a s t e r .  F i g u r e  4 . 5  g iv e s  th e  a i r  
b l a s t e r  e f f e c t s  on c r i t i c a l  a r c h in g  d im e n s io n s .
The a n a l y s i s  and r e s u l t s  p r e s e n t e d  h e r e  a re  t e n t a t i v e .  No 
e x p e r i m e n t a l  v e r i f i c a t i o n  has been c a r r i e d  o u t  i n  th e  
l i t e r a t u r e  f o r  t a r  sands.  The r e s u l t s ,  r e p r e s e n t e d  
g r a p h i c a l l y  i n  F i g u r e s  4 . 4  and 4 . 5  a re  t h e r e f o r e  assumed to
be c o r r e c t .
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The c o n c e p t  o f  t o t a l  g r a v i t a t i o n a l  a c c e l e r a t i o n  d is c u s s e d  
i n  t h i s  C h a p t e r ,  i s  used to  e s t a b l i s h  a r e l a t i o n s h i p  
betw een t h e  d i s t a n c e  f rom  p o i n t  o f  i n j e c t i o n  o f  t h e  a i r  
b l a s t e r  and t h e  c r i t i c a l  a rc h  r e d u c t i o n  f a c t o r  ( s i m i l a r  to  
F i g u r e  4 . 5 ) .
The d e s ig n  graphs d e v e lo p e d  i n  C h a p te r  6 t o g e t h e r  w i t h  th e  
m a t h e m a t ic a l  r e l a t i o n s h i p s  p r e s e n t e d  i n  A p pend ix  J on B l a s t  
F u rn a c e  Raceway Zones and M a n u f a c t u r e r s  d a t a ,  a l l o w  
t e n t a t i v e  s e l e c t i o n  p ro c e d u re s  t o  be d e v e lo p e d  f o r  th e  
d e s ig n  and s p e c i f i c a t i o n  o f  a i r  b l a s t e r  sys tem s.
The c o n c e p t  o f  t o t a l  g r a v i t a t i o n a l  a c c e l e r a t i o n  advanced by 
Johanson [1 ]  as a p p l i e d  to  t a r  sands ( F i g u r e s  4 . 4  and 4 . 5 )  
and t h e  m a t h e m a t ic a l  model advanced by J e n ik e  [44] as 
a p p l i e d  t o  t h e  p r e s s u r i z a t i o n  o f  lo c k  h o p p e rs ,  a l lo w s  a 
c heck  on th e  above t e n t a t i v e  s e l e c t i o n  p ro c e d u re s  f o r  th e  
s p e c i f i c a t i o n  o f  a i r  b l a s t e r s .
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AIR PRESSURE, PSI
FIG. 4.4 A IR PRESSURE DISTRIBUTION FROM AIR RI ASTFR 
ON BIN WALLS - FOR TAR SAND ( 1 )
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FIG. 4.5 AIR BLASTER EFFECTS ON CRITICAL ARCHING 
DIMENSIONS -  FOR TAR SAND ( 1 )
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5 . 4  MODIFIED TEST RIG DESIGN DESCRIPTION
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CHAPTER 5 -  EQUIPMENT, INSTRUMENTS METHODS AND
PROCEDURES
5 . 1  INTRODUCTION
E x p e r im e n t a l  work was c a r r i e d  o u t  u s in g  a t e s t  r i g  
f a c i l i t y  w hich  was d e s ig n e d  and c o n s t r u c t e d  f o r  t h e  
r e s e a r c h  t o p i c .
R e s u l t s  were  o b t a i n e d  f o r  copper  c o n c e n t r a t e  o n l y ,  th e n  
t h e  t e s t  r i g  was i n c o r p o r a t e d  w i t h  a n o t h e r  t e s t  r i g  t o  
e n a b le  a second m a t e r i a l  t o  be t e s t e d  -  c o a l .  T h is  
e n a b le d  com par ison o f  r e s u l t s  betw een t h e  two m a t e r i a l s .
The m o d i f i e d  t e s t  r i g  a l l o w e d  more f l e x i b i l i t y ,  
e x p e r i m e n t a l  work t o  be c a r r i e d  o u t  more quickly and also 
a c t u a l  f i e l d  c o n d i t i o n s  t o  be s i m u l a t e d .
T h is  C h a p te r  d e a ls  w i t h  t h e  equ ipm ent  and i n s t r u m e n t a t i o n  
used i n  b o th  t e s t  r i g s .  A s e r i e s  o f  p h o to g rap h s  and 
d iagram s a r e  used t o  i l l u s t r a t e  t e s t i n g  f a c i l i t i e s .
The methods and p ro c e d u re s  used a r e  d is c u s s e d  w i t h  
r e s p e c t  t o  e q u ip m e n t ,  in s t r u m e n t s  and e x p e r i m e n t a l  work  
c a r r i e d  o u t .
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5.2 ORIGINAL TEST RIG DESCRIPTION
5.2.1 Introduction.
The concept for the original test rig was obtained from a 
weigh bin installation at The Electrolytic Refining and 
Smelting Company of Australia Ltd.
The weigh bin, which was used to weigh raw material feed 
for the Sinter Plant, was removed because of a problem 
with two large air blasters.
Continuous flow problems from the weigh bin resulted in 
air blasters being installed on the weigh bin based on 
manufacturers recommendations.
During commissioning the bin was lifted off its supports 
due to the air blast. The conclusion was that the air 
blasters used were too large for the particular 
application.
Situations such as the above and a continuous lack of 
design data on air blasters, prompted Wollongong 
University, Mechanical Engineering Department to carry 
out research into air blasting of materials out of bins.
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5.2.2 Description of original test rig.
Figure 5.1 shows a detailed arrangement of the original 
test rig.
The 2m capacity bin was fabricated as per weigh bin 
details discussed in Section 5.1.
Two BB-8-20 size air blasters were fitted which were 
supplied by Engineering Services and Supplies. (For 
blaster size designation refer to Fig 5.6.)
A pneumatic manually operated slide gate (not shown in 
Fig 5.1) was fitted to the bottom of the bin. The gate 
can be seen in Photograph 5.1.
The test rig was then fitted with six flush mounted 
pressure transducers Data Instruments Model AB shown in 
Photographs 5.1 and 5.5 and described in Section 5.2.4.
Six tonnes of Copper Concentrate were placed in the bin 
using a recycling hopper especially modified to be used 
in conjunction with a fork lift as shown in Photos 5.4 
and 5.8.
A number of recording instruments were trialled in order to 
determine a suitable recorder for the air blaster 
analysis.
All the equipment tested failed to respond quickly enough 
to capture the instantaneous blast.
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TEST RIG AIR BLASTER TRAUSDUCERS
PHOTOGRAPH 5.1 TEST RIG, TRANSDUCERS,U.V FHOTOCORDER WITH
AMPLIFIERS
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As a result, a YOKOGAWA HOKUSHIN ELECTRIC (YEW) Type 2932 
PHOTOCORDER was purchased together with two ACCUDATA 
122DC AMPLIFIERS and four YEW TYPE 3131 DC AMPLIFIERS, 
shown in Photo 5.1.
Two flow promoting electric vibrators Type Globalectric 
DEG 2500 were installed on the test rig to enable 
consolidation of material tested after each test run, 
shown in Photo 5.2.
Compressed air for the air blaster was made available by 
one GA 308 Atlas Copco Compressor, shown in Photo 5.3.
A more detailed description of the original test rig is 
given in subsequent sections of this Chapter together 
with photographs and diagrams.
Other equipment and instruments are also described 
together with the methods and procedures used.
The modified test rig is discussed in section 5.4 of 
this Chapter also by means of photographs and diagrams.
5.2.3. Air Blaster unit description and method of 
operation.
Two air blaster units Martin type BB2-8-20 shown in Photo
5.1 were used for the experimental analysis.
The air blasters were installed as per drawing in Figure 
5.1. t '
Figure 5.2 shows a cross sectional isometric view of a 
typical Martin type air blaster.
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F110TO 5.2 - PNEHHATIC MANUALLY OPERATED DISCHARGE GATE,
Bill VIBRATOR, BLASTER ACTIVATING SWITCHES, AND 




TEST RIG LOADING IIOFPER
FORK LIFT
PHOTO 5.4 - LOADING SYSTEM OF ORIGINAL TEST RIG
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Figure 5.3 shows the method of operation of a typical air 
blaster system.
Figure 5.4 and 5.5 show the valving arrangement used in 
the test rig.
The switching arrangement for the two bin vibrators and 
also the two alternatives for activating the quick - 
release valve are shown in Photo 5.2. These were:
( 1 )  Push button control mounted on the front panel of 
the test rig.
(2) Remote push button control - This method was used 
to enable simultaneous activation of the air blaster 
and the ultraviolet photocorder. The remote control 
was necessary to enable synchronization of the air 
blast with the speed of the photocorder paper which 
was set at 100 cm/s (maximum available 400 cm/s)
Figure 5.6 gives the dimensions of all available sizes of 
the Martin air blasters together with blaster air 
pressures and corresponding air volumes.
Five air blaster pressure settings were used in the 
experimental analysis. (412 kPa, 480 kPa, 550 kPa, 618 
kPa, 687 kPa.) Only the 412 kPa and 687 kPa are presented.
To enable the required pressure to be set in the blaster 
unit, a pressure regulating valve was installed in the 
delivery line to the air blaster. This valve was 
manually regulated with the aid of a pressure gauge shown 
in Photo 5.4.
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P R E S S U R E
V E S S E L
S A F E T Y
V A L V E
FIG. 5.2 - CROSS SECTIONAL ISOMETRIC VIEW OP A TYPICAL
AIR BLASTER
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1. In operation a quick 
acting diaphragm valve is de 
energised to allow air to enter 
behind the piston forcing it 
forward against the nitril seat.
Area of piston on which air 
pressure acts to give maximum
2. When the piston is in 
contact with the seat the 
discharge opening is closed. 
The air passes through a hole 
in the centre of the piston 
filling the reservoir.
3. When the reservoir reaches 
line pressure the Blaster is 
ready to actuate when 
required. The charging 
process takes approx 30 secs. 
If a faster refill time is required 
a quick fill option can be 
supplied.
4. On command the air 
holding the piston closed is 
exhausted via a double 
acting diaphragm valve. The 
reservoir pressure acting on 
area “A" Instantly moves the 
piston back past the opening 
to the transition pipe 
discharging the usable energy 
into the material.
F I G  5 . 3 —  M E T H O D  OF O P E R A T I O N  OF A N  A I R  B L A S T E R  (47)
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FIG 5.4—  FILLING AND DISCHARGE CONTROL MECHANISM(47)
E X H A U S T  3-WAY m a n u a l  v a l v e
F I G  5.5 - T H R E E  W A Y  S O L E N O I D  O P E R A T E D  C O N T R O L  M E C H A N I S M
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110
ACCESSORY KIT INCLUDES — DOUBLE ACTING QUICK RELEASE DIAPHRAGM VALVE
SOLENOID VALVE 
NON-RETURN VALVE
PRESSURE VESSELS MANUFACTURED TO D.I.R. REGULATIONS
Dimensions (mm)
MODEL A B C D E F G H I J
CM3
BB2-8-16 500 890 172 110 204 320 25 50 12 38.6
BB4-12-30 700 1265 222 180 305 435 25 100 12 122.7
BB4-20-30 762 1327 324 180 508 485 25 100 12 122.7
BB4-20-48 1220 1785 324 180 508 735 25 100 12 122.7
BB4-24-48 1220 1785 375 180 610 735 25 100 12 122.7
BB6-30-60 1524 2189 450 270 762 920 40 150 12 314.2
G - THE MINIMUM EXHAUST ORIFACE 
I - AIR INLET
j  _  THE AREA ON WHICH THE TANK AIR PRESSURE ACTS TO OPEN THE PISTON
BLASTER AIR VOLUME IN CUBIC METRE OF FREE AIR
Air Pressure 
Kpa BB2-8-16 BB4-12-30 BB4-20-30 BB4-20-48 BB4-24-48 BB6-30-60
100 .02 .05 .14 .21 .33 .67
200 .04 .10 .28 .42 .66 1.34
300 .06 .15 .42 .63 .99 2.01
400 .08 . .20 .56 .84 1.32 2.68
500 .10 .25 .70 1.05 1.65 3.35
600 .12 .30 .84 1.26 1.98 4.02
700 .14 .35 .98 1.47 2.31 4.69
800 .16 .40 1.12 1.68 2.64 5.36
F I G  5.6 - A I R B L A S T E R S P E C I F I C A T I O N S H E E T  (47)
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5.2.4 Transducers calibration procedure
Six Data Instruments Model AB flush mounted pressure 
transducers were utilized to monitor the air blaster 
effect on the bin wall. Photo 5.5.
In order to calibrate all six tranducers simultaneously, 
a calibration manifold shown in Photo 5.6 was designed 
and manufactured.
The six transducers were bolted to the top of the 
manifold and plugged into a zeroing unit, then into a 
separate amplifier for each transducer. The amplifiers 
were then connected to the photocorder.
One end of the manifold was fitted with a 6mm plastic 
tube with a coupling type connector to couple in the 
board of a 'simulated plant' shown in Photo 5.7. The 
other end of the manifold was fitted with a manually 
operated pressure relief valve.
A signal generator was used to generate varying types of 
inputs at different pressures. The transducer 
calibration results are presented in Appendix C.
5.2.5 Pressure probe
To be able to measure the void pressure in the bulk solid 
at different positions in the bin, it was necessary to 
manufacture a pressure probe as shown in Figure 5.6.






PHOTO 5»5 - DATA INSTRUMENTS MODEL AB PRESSURE TRANSDUCER
1500
FIG 5.7 _  PRESSURE PROBE DETAIL ARRANGEMENT
- 114 -
CALIBRATION MANIFOLD TYPICAL TRANSDUCER MOUNTING




PHOTO 5.7 - PNEUMATIC PLANT SIMULATOR
PHOTO 5.8 - TOP OF RIG EXPOSING COPPER CONCENTRATE
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5.2.6 - Recording equipment trialled to record
Air Blaster response.
A number of recording instruments were trialled to 
establish a chart recorder which would successfully 
record the very fast pressure response generated by the 
air blaster.
The following units were trialled with very little 
success.
(1) Hewlett-Packard model 7402 A oscillographic recorder.
This unit is a two channel, rectilinear ink recording 
instrument which measures and records two input voltages 
against time.
Time is varied by the speed of the recording paper. Four 
chart speeds 1, 5, 25 and 125 mm/sec are available by 
front panel selection.
When trialled, this unit provided an output which when 
analysed was unrealistic.
Because of the relatively low frequency response due to 
its dependence upon mechanical movement of pens, and the 
inadequate number of input channels, this unit was 
considered unsuitable for this particular type of 
experimental work.
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(2) 3063 multi pen recorder»
This unit was trialled with reasonable amount of success. 
However, because of its low sensitivity, and low chart 
speed, the results were inadequate for analysis and 
presentation.
(̂ ) Type 565 dual - beam oscilloscope.
A number of attempts were made to get this unit operable 
because of its powerful facilities available if 
proceeded.
However, because of its age, the plug in units had some 
faults which could not be rectified in time, therefore 
the unit was shelved to be used as a last resort if 
everything else failed.
From the experience gained by trialling the recording 
units described in this section, specification was 
written for the correct type of recorder to accurately 
record the very fast pressure response resulting from an 
air blaster.
The unit most suitable was the Type 2932 Photocorder.
This unit is described in the following section.
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5.2.7 Description of type 2932 Yew ultraviolet 
photocorder and six amplifiers.
(1) U.V. Photocorder.
The Type 2932-10 nine channel input, is essentially a 
direct writing oscillagraph as shown in Photo 5.1 and 
Photo 5.10.
The principle of operation depends upon the incident 
light from a Mercury lamp being deflected by a small 
galvanometer mirror.
The movement is caused by a torque produced when current 
passes through the coil attached to the galvanometer 
suspension. Recording is effected by focusing the 
reflected spot onto ultraviolet-sensitive fan-fold chart 
paper which produces recording within a few seconds under 
normal ambient light conditions.
A built-in photoflash timing system prints lines across 
the full width of the paper and a grid projection system 
prints continuous longitudinal lines, spaced at 2mm 
intervals, with every fifth line (or 1cm line) 
accentuated.
(2) DC Amplifiers.
Four YEW Type 3131 amplifiers , two Honeywell Accudata 
Type 122 DC amplifiers were used in conjunction with the 
U.V. photocorder shown in Photo 5.10.
U.V.PHOTOCORDER
PHOTO 5.10 - PROMT PANEL OF U.V PHOTOCORDER TYPE 2932
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5.3 EXPERIMENTAL METHOD AND PROCEDURE USING ORIGINAL 
TEST RIG
After the original test rig was commissioned and set up 
as shown in Photo 5.1, the following method and procedure 
was adapted to carry out two categories of tests.
1. Bin wall pressure recording using pressure 
transducers mounted on bin wall. This test was 
carried out in conjunction with a video film
of material behaviour on top of bin.
(Refer to Photo 6.1,6.2 and. A1)
2. Pressure probe testing directly opposite air 
blaster.(Refer to FIG.6.6,6.7,6.8)
5.3.1. Bin wall pressure and video film recording - 
method and procedure.
1. Calibrate transducers and set required pressure 
in air blaster using pressure regulating valve.
2. Close bin pneumatic gate.
3. Load copper concentrate in test rig using procedure 
shown in Photo 5*4.
4. Depress air blaster - photocorder remote activation 
switches simultaneously.
5. Run the video camera on top of the test rig to capture 
the fluidized bubble as it forms.
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5.4 M O D I F I E D  T E S T  R I G
5.4.1 Introduction.
The following problems were encountered using the 
original test rig.
1. Actual field conditions could not be simulated 
because of the lack of automatic recycling 
equipment.
2. Opening of the gate while the air blaster was 
discharged proved to be non hygienic and cumbersome 
to collect the material when rapidly discharging 
through the bin outlet.
To overcome the above problems it was neccesary to add 
recycling equipment to the existing rig. Due to the high 
cost requirement to modify the test rig, it was decided 
to incorporate the existing test rig with another test 
rig which already had recycling equipment.
The second test rig shown in Photo 5.11 was designed and 
constructed by N.B. Mason - Professional Officer at the 
Mechanical Engineering Department of the University of 
Wollongong under the direction of Professor P.C. Arnold.
The purpose of the project was to carry out research on 
the interaction between the hopper and belt feeder to 
allow prediction of the loads generated on the feeder.
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PHOTO 5.11 - THE TOO TEST RIGS PRIOR TO III CORPORATION
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5.4.2. Description of modified test rig.
Photos 5.11, 5.12 and 5.13 show modified test rig from 
different angles.
(1) Belt Feeder (photo 5.11) - The feeder has a 450mm 
wide belt and operates at speeds of up to 1.5m/s 
with the following variable facility:
(a) The belt speed from 0 - 1.5m/s.
(b) The allowable torque on the motor.
(2) Bucket elevator (photo 5.12) - Bucket elevator of 30 
tonne/hour was built to allow transfer of material 
from one bin to the other. A double sided chute 
with a swinging baffle was used to select the bin
in which the material was to be transferred.
(3) 'Hogan' Bin discharger (photo 5.13) - A 'Hogan' bin 
discharger was installed at the bottom of the 
original test rig for flow promotion purposes and 
flow regulation.
(4) Transfer Conveyor (photo 5.11 and 5.12) - a 'Sanki' 
type transfer conveyor was used to transfer material 
from bucket elevator discharge chute into storage 
bin.
(5) Instrumentation (5.12) - The instruments used 
remained the same as those used with the original 
test rig.
M O D I F I E D  TES T  RIG B U CKET
ELEVATO!
PHOTO 5 . 1 2 - M O D I F I E D  T E S T  RIG S H O W I N G  E X T E N D E D  H E I G H T  
OF O R I G I N A L  TES T  RIG A N D  BUCKET E L E V A T O R
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riIOTO 5.13 - MODIFIED TEST RIG SHOWING 'HOGAN' BIN DISCHARGER
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5.5 EXPERIMENTAL METHOD AND PROCEDURE FOR MODIFIED 
TEST RIG
Experimental work was carried out using the modified test 
rig to determine the effects of an air blaster 
discharging in a bin full of coal at 10% moisture. Photo 
5.14 shows a 'rathole' formed in the bin adjacent to the 
position of the air blaster shown in Photo 5.1.
Results were obtained for the instant shown in Photo 
5.14. The following method and procedure was adapted 
for the two types of tests carried out.
5.5.1. Measuring Bin wall pressures - method and 
procedure
The method used was basically the same as that with the 
original test rig. Approximately 5m^ of coal were loaded 
in the storage bin shown in Photo 5.12. Using the 
recycling equipment, the coal was conditioned to the 
correct moisture by adding water at the inlet to the 
bucket elevator shown in Photo 5.12. The photocorder and 
ancillary equipment were set up using the same procedure 
outlined in Section 5.3.1.
The pressure transducers were calibrated by setting up 
the calibration manifold and connecting into the line 
supply to the air blaster. The procedure outlined in 
Section 5.3.1. with the exception of step 2 (which was 
the closing of the original test rig gate) was used. A 
number of test runs were carried out to make sure results 
were repeatable.
129
PHOTO 5,14 - ’RATIIOLE’ formed in bin as a result of
CONSOLIDATION BY VIBRATION
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5.6 ADDITIONAL EQUIPMENT USED IN CARRYING OUT 
EXPERIMENTAL WORK
The following additional tests were carried out in order 
to determine flow property results for the two materials 
tested.
1. Fluidization test. .
2. Permeability and Compressibility test.
3. Moisture test.
4. Jenike Flow Factor Tester.
5.6.1. Fluidization test - equipment, method and 
procedure
Photo 5.15 shows the equipment used to carry out the 
test. Essentially, it consists of a glass cylinder with 
a level indication.
A sample of the material tested is placed in the 
cylinder. Air is introduced through the bottom of the 
cylinder at a rate measured by the Rotameter shown in 
Photo 5.15. The pressure drop across the sample is 
recorded by the three differential pressure transmitters.
5.6.2. Jenike flow factor tester with ancillary 
equipment.
The basic tool of the Bulk Solids handling science is the 
Jenike Direct Shear Apparatus documented in References 
[2] and [10].
The shear tester is combined with ancillary equipment 
such as the compressibility testing bench. (Fig. 5.8.)
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A i r  P r e s s u r e  G a u g e (p )
FIG 5.9 —  PERMEABILITY TESTER [10]
TO ATMOSPHERE
A IR  SUPPLY
FIG 5.10-HIGH PRESSURE MODIFIED PERMEABILITY TEST EQUIPMENT
CHAPTER 6 EXPERIMENTAL RESULTS
AND DISCUSSION.
6.1 INTRODUCTION
6.2 TYPICAL FLOW PROPERTY
RESULTS
6.3 TYPICAL U.V. PHOTOCORDER
RESULTS
6.4 DESIGN GRAPHS
6.5 DISCUSSION OF RESULTS.
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6.1 INTRODUCTION.
Typical results are presented in this Chapter to illustrate 
the format used to tabulate and graphically illustrate the 
remainder of results presented in the appendices.
The following results are presented in this Chapter:
1. Typical flow property results for copper 
concentrate (Compressibility,
Permeability, Flow function).
2. Typical photocorder air blaster outputs for 
copper concentrate at 618 kPa air blaster 
pressure.
3. Typical design graphs for copper concentrate 
based on experimental results and theoretical 
results using lumped element gas flow model.
4. Discussion of results.
6.2 TYPICAL FLOW PROPERTY RESULTS.
In order to design an air blaster system using the developed 
model, it is essential that the flow properties of the bulk 
solid be determined by testing.
While several attempts have been made to develop satisfactory 
testing procedures, the method developed by Jenike (1) is the 
most successful and has become generally accepted as the 
standard.
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The purpose of testing was to determine the flow properties 
of the copper concentrate and coal by reproducing the 
critical conditions of pressure, moisture content, time of 
storage at rest, compressibility, permeability and 
fluidization.
Fig. 6.1 shows instantaneous and time flow function for 
copper concentrate.
Fig. 6.2 shows bulk density as a function of major 
consolidating stress for copper concentrate.
Fig. 6.3 shows permeability and bulk density for copper 
concentrate;
Other flow property results for coal and copper concentrate
are presented in Appendix A.
6.3 TYPICAL U.V. PHOTOCORDER RESULTS
AND PHOTOGRAPHS OF MATERIAL BEHAVIOR 
RESULTING FROM AIR BLASTER OPERATION.
Fig. 6.4 shows a typical photocorder output of pressure on 
bin wall versus time for an air blaster with a stored 
pressure of 6l8kPa discharging into copper concentrate.
Photos 6.1 and 6.2 are corresponding to particular instances 
in Fig. 6.4.
Photo 6.1 corresponds to maximum expansion which occurs 0.04 
seconds after air blaster is discharged .
Photo 6.2 corresponds to consolidation of bulk solid 
resulting from collapse of bulk solid which occurs
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FIG. 6.4 - PHOTOCOHDER - AIR BLASTER RESPONSE CURVES CORRESPONDING TO TABLE 6.1 AND PHOTO 6.1 
MATERIAL: Copper Concentrate TYPE OF TEST: Transducer pressure on bin wall
For transducer locations refer to FIG. 6.5 For transducer calibration curves refer to FIG. A27
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i
FIG6-5 -PRESSURE TRANSDUCER LEVELS 
PRESSURE PROBE LEVELS AND BLASTER 
POINT OF INJECTION
A IR  BLA S TE R  E X P E R IM E N TA L R ESU LTS 
TRANSDUCER PRESSURES DN B IN  W A L L
BULK SOLID concentrate * MOISTURE 95; DATE TESTED ... ..........................
AIR BLASTER PRESSURE 6 1 8  kPa < 90 lb / ln 2)
AIR BLASTER ACTUAL VOLUME OF COMPRESSED AIR °-°94 n 3< 3.31 f t 3)
TR AN SD U CER
NUMBER
V E R T I C A L  
D ISTAN CE  
FRDM POINT  
□ F  IN JE C TIO N  
(mm)
TIME AFTER FIRING OF AIR BLASTER AND THE CORRESPONDING
PRESSURE ON BIN WALL
O r Pn) ■ ti Pi \  Pa \  P3 \  P< % P5 \P& % P 7 ^ P s \ P s ■ tioPio
L X: = 4 5 0
TIMEOt) secs 0.02 0.03 0.035 0.04 0.05 0.06 0.07 0.08 0.09 0.1_______ i




TIME(-t) secs 0.02 0.03 0.035 0.04 0.03 0 . 0 6 0 . 0 7 0.08 0.09 0.1
PRESSURE(p) kPa 3.7 37.0 44.4 48.1 48.1 59.2 44.4 26.0 11.1 0
" T 3 X 3  “ 150
TIMEC-t) secs 0.02 0 . 0 3 0.035 0.04 0.05 0.06 0.07 0.08 0.09 0.1
PRESSURECp) kPa 59.2 84.0 9 6 . 2 8 1 . 4 6 2 . 9 5 6 . 0 40.7 26.0 11.1 0
I-- X =1504
TIMEOt) secs 0.02 0.03 0.035 0.04 0.05 0 . 0 6 0.07 0.08 0.09 0.1




TIMEC-t) secs 0.02 0.03 0 . 0 3 5 0.04 0.05 0.06 0.07 0.08 0.09 0.1




X6= 4 5 0
TIMEC-t) secs 0.02 0.03 0.035 0.04 0.05 0 . 0 6 0.07 0.08 0.09 0.1
PRESSURECp) kPa - 15 -5.6 14.8 3.7 0 -3.7 0 0 3.7 4
TABLE 6.1 -  TRANSDUCER PRESSURE RESPONSE ON BIN WALL CORRESPONDING TD FIG 6.4 
(REFER TO FIG I-.6 . 5 .... FOR TRANSDUCER LOCATIONS.)
-Z
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PHOTO 6.1 - SPHERE OF INFLUENCE OF AIR BLAST 
MATERIAL: Copper Concentrate MOISTURE CONTENT: 9 %
AIR BLASTER VOLUME: 0.094 m'’ AIR BLASTER PRESSURE: 618 kPa ( 90 psi )







PHOTO 6.2 CONSOLIDATION OF BULK SOLID RESULTING FROM COLLAPSE OF 























FIG. 6.6- PHOTOCORDZR OUTPUT - AIR BLASTER RESPONSE CURVE CORRESPONDING TO TABLE A1
TYPE OF TEST:Pressure probe measuring material
void pressure as a function of distance 
along axis from blaster point of injectionFor Pressure Probe measuring points refer to FIG. 6.5 










0 1 3 4 5 6 7 8 9 10 11 12 13 H  15 16 17 18 19 20-2
i
-p* C7\ I
TIME (secs) x 10
FIG-.6.7 - PH0T0C0RDER OUTPUT - AIR BLASTER RESPONSE CURVE CORRESPONDING TO TABLE A1
MATERIAL: Copper Concentrate TYPE OF TEST:Pressure probe measuring material
For Pressure Probe measuring points refer 
to FIG.6.5
For transducer calibration curves refer to FIG.A20
void pressure as a function of 





















H---~P^ AIR BLASTER PRESSURE = 618 kPa ( ROpsi ) 
.̂irTfjrr AIR BLASTER VOLUME = 0.094 m5
,j__ u - CHART SPEED = 100 cm/s
DISTANCE OF PRESSURE PROBE FROM 
AIR BLASTER INLET = 500 mm
::_L—
t-b—
• - - - 1--. — 1_ .  . . . [. -
b
-tV TIT b.-: b5-h-:- : A I r “ i
1 4 10 11 12 13 
-2
14 15 165 6 7 8 9
TIME ( secs ) x 10'
FIG.6.8 - PHOTOCORDER OUTPUT - AIR BLASTER RESPONSE CURVE CORRESPONDING TO
TABLE A1 1
MATERIAL; Copper Concentrate TYPE OF TEST: Pressure probe measuring material
For Pressure probe measuring points void pressure as a function of
refer to FIG. 6.5 distance along axis from blaster
For transducer calibration curves point of injection
refer to FIG.A20
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AIR BLASTER EXPERIMENTAL RESULTS 
PRESSURE PROBE TESTS
BULK SDLID.Copper Cono '/ MDISTURE 9%........... DATE TESTED ....1.3.11..85.
AIR BLASTER PRESSURE ....618,3......kPa <.......90........ Ib /.ln2>




< *n yn >
TIME AFTER FIRING OF AIR BLASTER AND THE CORRESPONDING 
PRESSURE READING AT THE GIVEN CO-ORDINATES
CL  Pn) L  Pi L  p2 L  p 3 L  p4 L  p 5 L  Pe L  p 7 L  p 8 L  p 9 Lo Pio
( 100,0,27 )
TIM ECt) s e c s 0.01 0.015 0.017 0. 02 0.06 0.135 0.18 0.22 0.247 0.26
PRESSURECp) k P a 65.7 177.4 207 65.7 - I 9 . 7 -65 .7 -59.1 -69 118.2 -59
TIMEC-t) s e c s
PRESSURECp) kP a
( 300,0,79 ) TIM ECt) s e c s
0.01 0.015 0.028 0.04 0.065 0.135 0.165 0.18 0 . 1 9 0.2
PRESSURECp) kP a 19.7 32.9 147.9 65.7 32.9 6.6 13.1 0 0 0
TIM ECt) s e c s
PRESSURECp) kP a
( 5 0 0 , 0 , 1 3 2  ) TIM ECt) s e c s 0.01 0.015 0.02 0.025 0.03 0 . 0 4 0.10 0 . 1 2 0.125 0 . 1 4
PRESSURECp) kPa 3.3 . 9.9 13.1 9.9 6.6 5.3 0 -6 .6 144.5 -6 .6
TIM ECt) s e c s
PRESSURECp) kP a
TABLE 6. 2  -  PRESSURE PRDBE RESULTS CORRESPONDING TO FIGS...6 , 6 ,...ß.,.7.,...6...a. 










011.90000-03 :027.50000-03 032.04000-02 04• 3.97000-02 056.54000-02
069.76000-02 071.36200-01 031.31300-01 092.32700-01
0102.90700-01 1
RT 11.11400+00 R T 22.30000-01 RT39.90000-02 RT 45.51000-02
RT53.5.1000-02
on01
RT 62-43000-02 RT71.73000-02 RT31.3.6000-02 RT?1.07000-02'
RT108.70000-03
TAULE 6.U - INPUT DATA PARAMETERS FOR LUMPED ELEMENT MODEL CORRESPONDING TO FIG.6.9
MATERIAL: Copper Concentrate MQISTURE: 9 %





























































































































































































































































TABLE 6.4 - COMPUTER RESULTS FOR LUMPED ELEMENT MODEL CORRESPONDING
TO FIG 6.9 ( PAGE 1 of 2 )
MATERIAL:Copper Concentrate MOISTURE: 9%





0 . 0 0 0 0 0





2 . 0 0 0 0 0 + 0 0





1 ^ 0 2 9 0 0 + 0 2
1 . 0 2 9 0 0 + 0 2
1 . 0 0 0 0 0 + 0 0
1 . 6 4 3 2 4 + 0 2
0 . ' 0 0 0 0 0  
1 . 5 4 4 1 8 + 0 2
1 . 9 4 1 2 7 + 0 2
1 . 4 4 7 0 9 + 0 2
2 . 0 0 0 0 0 + 0 0
1 . 4 0 6 4 3 + 0 2
0 „ 0 0 0 0 0  
1 . 3 6 5 4 1 + 0 2
1 . 5 1 2 1 3 + 0 2
1 . 3 1 9 2 3 + 0 2
3 . 0 0 0 0 0 + 0 0
1 . 2 7 9 8 5 + 0 2
0 . 0 0 0 0 0
1 . 2 5 3 1 4 + 0 2
1 . 3 4 6 6 7 + 0 2
1 . 2 2 2 6 3 + 0 2
4 . 0 0 0 0 0 + 0 0
1 . 1 9 9 7 9 + 0 2
0 . 0 0 0 0 0  
1 . 1 8 1 3 0 + 0 2
1 . 2 4 6 3 7 + 0 2  
1 . 1 6 0 3 4 + 0 2
5 . 0 0 0 0 0 + 0 0
1 . 1 4 6 3 8 + 0 2
0 . 0 0 0 0 0
1 . 1 3 3 9 2 + 0 2
1 . 1 7 9 8 8 + 0 2  
1 . 1 1 9 3 1 + 0 2
6 . 0 0 0 0 0 + 0 0
1 . 1 1 0 9 1 + 0 2
0.. 0 0 0 0 0  
1 . 1 0 2 1 5 + 0 2
1 . 1 3 4 6 9 + 0 2  
1 . 0 9 1 5 5 + 0 2
7 . 0 0 0 0 0 + 0 0
1 . 0 8 6 5 0 + 0 2
0 . 0 0 0 0 0
1 . 0 8 0 0 4 + 0 2
1 . 1 0 3 2 0 + 0 2
1 . 0 7 2 8 3 + 0 2
8 . 0 0 0 0 0 + 0 0
1 . 0 6 9 4 2 + 0 2
0 . 0 0 0 0 0  
I „ 0 6 4 3 6 + 0 2
1 . 0 8 1 2 2 + 0 2
1 . 0 5 9 8 0 + 0 2
9 . 0 0 0 0 0 + 0 0  
1 . 0 5 7 5 3 + 0 2
0 . 0 0 0 0 0
1 . 0 5 4 2 9 + 0 2
1 . 0 6 6 0 1  + 02  
1 . 0 5 0 6 3 + 0 2
1 . 0 0 0 0 0 + 0 1  
1 . 0 4 9 1 6 + 0 2
0 . 0 0 0 0 0
1 . 0 4 6 3 6 + 0 2
1 . 0 5 5 1 8 + 0 2  
1 . 0 4 4 3 1 + 0 2
ENBATA
TABLE 6.4 - COMPUTER RESULTS FOR LUMPED ELEMENT
MATERIAL: Copper Concentrate





1 . 0 2 9 0 0 + 0 2  





1 . 0 2 9 0 0 + 0 2





1 . 0 2 9 0 0 + 0 2
1 . 0 2 9 0 0 + 0 2
1 . 8 7 6 0 7 + 0 2  
1 . 3 6 0 1 9 + 0 2
1 . 8 1 3 9 7 + 0 2  
1 . 2 8 7 0 4 + 0 2
1 . 7 3 3 4 5 + 0 2  
1 . 2 3 5 5 5 + 0 2
1 . 4 9 0 4 8 + 0 2
1 . 2 6 9 0 3 + 0 2
1 . 4 6 9 2 5 + 0 2
1 . 2 1 6 0 1 + 0 2
1 . 4 4 1 2 5 + 0 2
1 . 1 7 8 7 0 + 0 2
1 . 3 3 3 3 2 + 0 2
1 . 1 8 9 2 7 + 0 2
1 . 3 2 0 0 0 + 0 2
1 . 1 5 3 8 7 + 0 2
1 . 3 0 2 2 5 + 0 2  
1 . 1 2 8 9 6 + 0 2
1 . 2 3 7 0 3 + 0 2  
1 . 1 3 7 3 3 + 0 2
1 . 2 2 7 7 3 + 0 2  
1 . 1 1 3 5 6 + 0 2
1 . 2 1 5 3 5 + 0 2
1 . 0 9 6 6 9 + 0 2
1 - 1 7 3 2 2 + 0 2  
1 . 1 0 3 5 3 + 0 2
1 . 1 6 6 6 1 + 0 2
1 . 0 8 7 0 7 + 0 2
1 . 1 5 7 8 5 + 0 2
1 . 0 7 5 4 3 + 0 2
1 . 1 2 9 6 1 + 0 2  
1 . 0 8 0 7 5 + 0 2
1 . 1 2 5 1 6 + 0 2  
1 . 0 6 9 3 2 + 0 2
1 . 1 1 8 9 2 + 0 2
1 . 0 6 1 2 7 + 0 2
1 . 0 9 9 8 1 + 0 2
1 . 0 6 5 1 1 + 0 2
1 . 0 9 6 4 4 + 0 2  
1 ■ 0 5 7 1 3 + 0 2
1 . 0 9 2 0 1 + 0 2  
1 . 0 5 1 5 2 + 0 2
1 . 0 7 9 0 8 + 0 2
1 . 0 5 4 3 3 + 0 2
1 . 0 7 6 3 6 + 0 2  
1 . 0 4 3 7 4 + 0 2
1 . 0 7 3 4 4 + 0 2  
1 . 0 4 4 8 0 + 0 2
1 . 0 6 4 2 2 + 0 2  
1 . 0 4 6 8 5 + 0 2
1 . 0 6 2 5 8 + 0 2
1 . 0 4 2 9 1 + 0 2
1 . 0 6 0 2 9 + 0 2  
1 . 0 4 0 1 3 + 0 2
1 . 0 5 3 9 4 + 0 2  
1 . 0 4 1 6 0 + 0 2
1 . 0 5 2 7 3 + 0 2
1 . 0 3 8 3 2 + 0 2
1 . 0 5 1 1 3 + 0 2  
1 . 0 3 6 3 6 + 0 2
MODEL CORRESPONDING TO FIG. 6.9 ( PAGE 2 of 2 )
MOISTURE: 9 %
13
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6.4 TYPICAL DESIGN GRAPHS
6.4.1 Introduction
In this section two types of design graphs are developed for 
copper concentrate based on the Total Gravitational Acc­
eleration oonoept discussed in Chapter 4.'
(1) Experimental results obtained using pressure 
probe to measure void pressure of material 
along the axis of air blaster point of injection.
(2) Theoretical results obtained using Lumped Element 
Model solution technique.
Two types of graphs developed are:
(1) Material void pressure distribution as a function 
of distance from air blaster point of injection 
normal to hopper wall.
(2) The above graph allows the derivation of the
use the Critical Arch Reduction Factor Concept and 
hence the construction of Critical Arch Reduction 
Factors as a function of distance from air blaster 
injection point for different values of time after 
air blaster initiation.
To enable a direct comparison between the approximate 
theoretical model and the experimental model, the above 
graphs are plotted on the one graph for the Pressure Gradient 
and Critical Arch Reduction Factor respectively.
Pressure gradient dP which in turn enables us todS
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6.4.2 Typical design graphs from experimental results.
Table 6.2 is a summary of experimental results presented in
Figures 6.6, 6.7, 6.8. In order to develop design graphs 
the above results together with the Critical Arch Reduction 
concept (advanced in Chapter 4) are applied.
Using the Total Effective Gravitational Acceleration Concept 
extended in Chapter 4 and Figure 4.5 the air blaster effect 
on the Critical Arching Dimension is calculated as follows:
Recall equation (4.25)
carf ^ dPP g  dS
Where
carf = Critical Arch Reduction Factor
P = Bulk density of Copper Concentrate 
From Figure 6.2 Pis selected at maximum 
consolidation (worst case). P = 2200 kg/rrr
dP
dS = Air pressure gradient obtained from graphicaldPrepresentation of Table 6.2. is taken at
maximum disturbance which in this particular case 
occurs at t = 0.017 seconds.
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TIME AFTER INITIATION 
OF AIR BLASTER 
t (seconds)
t = 0.017 secs
DISTANCE FROM POINT OF
INJECTION OF AIR BLASTER
INLET PIPE NORMAL TO
HOPPER WALL SXT̂ „M (mm) NORM
100 300 500
AIR PRESSURE GRADIENT 
dP x
as (kpa)
( From Table 6.2)
207 147.9 13.1
CRITICAL ARCH REDUCTION
FACTOR C _ arf
, 1 dP C = 1  + arf Og dS
(Equation 4.25)
10.8 1.6 1.1
TABLE 6.5 - CALCULATED RESULTS OF CRITICAL ARCH REDUCTUION 





















KEY □> -t =d...Q.1 X. 
© ‘ * =D.,.Q 35. 





100 300 500 700 900 1100 1300 1500
'ERTICAL 
□INT OF
DISTANCE FROM AIR BLASTER 
INJECTION ALONG BIN WALL (mm)
AIR PRESSURE DISTRIBUTION FROM BLASTER ON BIN WALL


































AIR BLASTER VOLUME = 0.094m5 
AIR BLASTER PRESSURE 
■ $jg kPa
MATERIAL*- CQpper Concentrate 
°  t  @ = MAXIMUM = 0.017sLL1114
0 100 200 300 400 500 600 700 800 900 1000
DISTANCE FROM AIR BLASTER INLET ( mm )
FIG 6.11 AIR BLASTER EFFECTS  DN CRITICAL
ARCHING DIMENSION CDRRESPDNING TO EIG>-.6.io















VOLUME 0.094 m 3 
AIR BLASTER 
INITIAL PRESSURE 
= 618 kPa Copp. 
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KEY □  i t = 0.02s 
© i t = 0.015s 
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6.12 PRESSURE PROBE TEST -  Refer to Figures. 6.6,6.7,6,
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MODEL « Test Rig
0 100 200 300 400 500 600 700 800 900 1000
DISTANCE FROM AIR BLASTER INLET ( mm )
FIG6.14- AIR BLASTER EFFECTS ON CRITICAL 
ARCHING DIMENSION CGRRESPGNING TG
FIGURES 6.12 AND 6.13
6.5 DISCUSSION OF RESULTS.
6.5.1 Transducer calibration results.
The calibration charts presented in Figures A19 to A22 
inclusive were obtained by simulating actual conditions in a 
Control Laboratory (Refer to Section 5.2.4 for detail).
To check the laboratory calibration, the transducers were 
calibrated using the test rig as per procedure outlined in 
Section 5.2.4. Results were compatible in both cases.
6.5.2 Flow property results.
The flow property results obtained were in accordance with 
standard procedures outlined in Reference [10] with the 
exception of permeability.
To measure the permeability of the coal and copper 
concentrate, it was necessary to modify the permeability cell 
and test procedures described in [10] so as to minimize the 
variability in the bulk density by consolidating the bulk 
density to a known weight in a smaller cell.(Fig. 5*10)
The modification to the cell consisted essentially of fitting 
a porous top to the standard cell. Permeabilities were then 
determined by applying a known pressure difference across the 
bed and recording the gas flow through the bed. This sequence 
was repeated for a number of different bed bulk density 
values.
-162-
In the modified procedure the bulk density was varied by 
consolidating the bulk solid in the cell before adding 
additional bulk solid which in turn was consolidated to yield 
a constant height of bulk solid. By recording the mass of 
bulk solid in the cell it was then possible to predict and 
present the variation in permeability as a variation with 
major consolidation stress, noting the variation in bulk 
density versus major consolidation stress determined for each 
material in Section 6.2. Using this technique the observed 
variations in permeability with major consolidation stress 
are presented in Figures 6.3 for copper concentrate and A 7 
for coal The results between the modified and standard 
procedures were very similar.
6.5.3 Experimental results - air blaster
analysis, copper concentrate and coal
Analysing Figure 6.4 as a typical case, a two dimensional 
graphical output with bin wall pressure on the vertical axis 
and time after initiation of air blaster on the horizontal 
axis is depicted. Transducers T^, T2 and T3 are located 
above the point of injection of the air blaster whereas T4,
T5 and Tg are located below the point of injection, as shown 
in Fig. 6.5.
The general trend of each of the response curves is a 
negative pressure after a very short period of time (after 
blaster initiation) which varies from 0.01 seconds to 0.025 
seconds depending on position of transducer from point of 
injection of air blaster.
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The very short duration negative pressure trend is thought to 
be a mechanical shock wave resulting from the collision of 
the high speed blast (M > 1) with the stationary bulk solid 
causing the bin walls to flex and oscillate momentarily. The 
theoretical interpretation of the shock is thought to be as 
follows:
The air blast can be compared to a high intensity sound wave 
(e.g. that due to an explosion), a disturbance that starts 
out with a symmetrical profile which quickly develops a 
steepening of the wave front, which takes the form of a 
sawtooth curve if the excess pressure at a given instant is 
plotted as a function of distance in the direction of the 
wave propagation. At successive points in this wave there 
are discontinuities in pressure, density and flow velocity.
Empirically, these discontinuities become large changes in 
the above quantities over a small space interval as can be 
seen in any of the ultra violet recorder outputs, the first 
section of the response curve having a discontinuity of 
negative pressure. This transition interval travels through 
the bulk solid faster than the normal velocity resulting in a 
shock wave. The negative pressures may be due to the rapid 
increase in voids due to expansion of the bulk solid.
The physical interpretation of the air blast is given by 
referring to Photograph 6.1. The photo was reproduced from 
a video tape which was taken simultaneously with the firing 
of the air blaster for a particular set of conditions.
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Comparing the photocorder output Figure 6.4 with Photo 6.1 we 
can deduce the following: The air blast takes the path of 
least resistance fluidizing the copper concentrate and 
forming a sphere ( as shown in Photo 6.1) after 0.035 
seconds. (This time was checked by playing back the video 
tape in slow motion and counting the number of frames to 
reach maximum fluidization.)
After reaching maximum lift, the sphere of material collapses 
and further consolidates the material as shown in Photo 6.2 
and can be seen in Figure 6.4. The shape of the response 
curves changes from positive to slightly negative creating 
total dissipation of the air blast after 0.1 seconds. The 
rate of dissipation was found to be faster than that quoted 
by air blaster manufacturers which is often 0.25 seconds.
Referring to Figure A8 which is the corresponding output for 
coal, we found the time for the air blast to fully dissipate 
was similar to that of copper concentrate.
Although the response curves for coal are of the same trend, 
they are different in shape. The gain on the ultraviolet 
recorder and amplifiers had to be set to maximum so that the 
blaster response could be amplified.
This indicated that the air blast was dissipating through the 
coal with very little pressure drop on the bin wall. This is 
due to the higher permeability of the coal, which can be seen 
by comparing Figure 6.4 with A8.
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To further illustrate the blaster output, material void 
pressure distribution versus distance away from point of 
injection of air blaster curves were drawn. Typical curves 
for different times after blaster initiation are shown in 
Figure 6.12.
As can be seen in Figure 6.12 after 0.017 seconds, the 
effectiveness is maximum at the shortest distance away from 
point of injection and decreases rapidly following a 
hyperbolic type relationship. To enable results to be used 
for the solution and application of air blasters, Figure 6.12 
is used to calculate Critical Arch Reduction Factor versus 
distance from point of injection of air blaster. Figure 6.12 
for copper concentrate, follows a similar relationship as 
that in Figure 4.4 developed by Johanson (1) for tar sand.
Similar graphs were developed for varying blaster pressures 
for both copper concentrate and coal, presented in 
Appendix D.
Figure 6.14 basically tells us that if we place an air blaster 
500mm or more away from an arch or rathole, this particular 
air blaster will not be doing any useful work in breaking up 
the arch.
However, if the air blaster is located say at 150mm away from 
the dead region of material a Critical Arch Reduction Factor 
of 3.5 will be achieved for the set of conditions listed in 
Figure 6.12.
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At this stage it is worthwhile to look at the suitability of 
air blasters for flow promotion from storage bins.
Air blasters are effective on both solids which display 
significant increases in strength with time storage such as 
copper concentrate which has a Flow Function <2. Air blasters 
are relatively easy to install and operate, requiring minimal 
support and modification to the bin or hopper structure. 
Compressed air is usually available at sites where bulk 
solids are stored, hence eliminating the need for special 
compressor equipment. Coupled with the above is the fact that 
air blasters are relatively maintenance free (Appendix J).
There is sufficient evidence and experience (now backed by 
some initial quantitative understanding and experimental 
data) to show that air blasters can be used to induce 
reliable flow and to increase the live capacity of poorly 
designed bins and hoppers.
The ideal design for a bulk solid storage facility is to 
combine the Mass-Flow theory with flow aid devices. This 
'Combined Flow' approach results in a design with the
following advantages:
(1) Bulk solids with wide ranging flow properties can 
be stored.
(2) Gravity flow is achieved in bins not 
designed for the bulk solid stored.
specificaly
(3) To prevent the formation of 'arches' 
by activating blaster regularly.
and 'ratholes'
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Using flow aid devices such as air blasters to create Mass- 
Flow can be dangerous if not applied correctly.
Funnel-Flow hoppers, where flow along the walls only occurs 
when the hopper is nearly empty, are designed for lower side 
wall pressures and lower wear in the transition area.
High pressures are created by plug flow when a bridge or arch 
collapses, and high stress is created. It is important to 
note that most bin failures start when the bin is being 
emptied, NOT when the bulk solid is at rest. These are 
important reasons for not using flow aid devices to promote 
flow when a blockage has formed. As a consequence of the above, 
Air blasters should therefore be considered as localized, 
preventative units used in cycles to enhance flow of bulk 
solids from bins.
6.6.4 Lumped element gas flow model -Computor results.
An initial approximate solution to the gas flow, evaluated by 
use of a lumped element gas flow model (refer Chapter 4) is 
presented in F i g u r e A l 6  for coal and Figure 6 .13 f°r copper 
concentrate.
Examination of the above figures suggests that the pressure 
gradient at each particular location will have the largest 
magnitude at the instant the pressure disturbance reaches the 
location of interest.
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By using Figures 6.9 and 6.13and Equation (4.25), the maximum 
Arch Reduction Factor as a function of radial distance from 
the the air blaster is developed resulting in Figure 6.14 for
copper concentrate.using the same approach as for copper conc­
entrate Figure A17 was developed for coal.
To enable a direct comparison between the experimental and 
theoretical air blaster output models, Figures 6.14 and A17 
are used.
An examination of Figures 6.14 andA17 reveals that although 
the general shape of the graphs is similar, there is a 
significant difference in the time t after initiation of 
air blast for the theoretical model.
The time t for the theoretical method based on the Lumped 
element gas flow model was set at t=3.0 seconds, where as 
from the experimental model, t was found to be 0.1 second.
It must be noted that the solution by use of the Lumped 
element model is approximate only. The accuracy of the model 
is a function of the number of elements considered in Figures
4.1 and 6.9. Increasing the number of elements increases the 
accuracy and as a subsequence reduces the volume of each 
element (Fig.4.1).
We noted in Chapter 4 that the differential equation which 
describes the flow of gas through a porous medium (Eqn 4.1) 
is only applicable to air blasters which inject air along the 
normal to the plain representing the boundary of the infinite 
half hemisphere (Fig 4.1). For situations where the air 
blaster injection axis is not normal to the boundary plane a 
full space variation must be considered.
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Allowance of this space variation would be extremely complex. 
The complexity of such analysis is not warranted in view of 
the fact that the lumped element model approximately 
describes the radial variation of pressures along the 
direction parallel to the axis of the air blaster injection 
point. (Refer to Table 6.2 and Fig. 6.9 )•
Since for design purposes experimental results are not always 
possible, we need to evaluate the experimental results and 
the theoretical results to establish whether a significant 
difference exists between them. The "t Test" is used 
(Appendix L) to evaluate the differences between means and 
hence whether or not a significant difference exists.
From Appendix L we found the calculated t for the two sets of 
data (experimental and theoretical using lumped element gas 
flow model) the calculated t value is 3.62.
However, since the calculated t=3.62 is greater than the t 
value at the 1 per cent level of confidence ie t=2.98 (from 
Table A10) we can conclude that there is a significant 
difference between the experimental results and the 
theoretical results obtained using the lumped element gas 
flow model.
Similarly, at the 5 per cent confidence level we found from 
Table A10 value t=2.14 (which is less than the calculated 
value of t=3.62). We can further conclude that there exists 
a significant difference between experimental results and 
theoretical results derived by using lumped element gas flow 
model.
In order to reduce the significant difference between the 
experimental results and theoretical results derived by using 
the lumped element gas flow model,the number of elements will 
hnve to be increased. (Chapter 4).
CHAPTER 7 - DESIGN PROCEDURES FOR AIR
BLASTER SPECIFICATION
7.1 INTRODUCTION.
7.2 MATHEMATICAL DESIGN PROCEDURE BASED ON BULK SOLIDS 
FLOW THEORY, TOTAL GRAVITATIONAL ACCELERATION CONCEPT 
AND BLAST FURNACE RACEWAY THEORY.
7.3 APPLICATION OF MATHEMATICAL DESIGN PROCEDURE USING 
EXPERIMENTAL MODEL AND THEORETICAL MODEL.
7.4 AIR BLASTER MANUFACTURERS EMPIRICAL SELECTION 
PROCEDURES .




This Chapter deals with the development of design 
procedures for the specification of air blasters. The 
following design procedures are developed.
7.1.1 General procedure based on bulk solids flow theory, 
total acceleration concept and blast furnace raceway 
theory for:
- Experimental model based on results obtained using 
Test rig facility.
- Theoretical model based on results obtained using 
lumped element gas flow theory.
7.1.2 Air blaster manufacturers empirical procedures based 
on experience and judgement.
The design procedures are applied to the weighbin problem 
which was used as a basis for designing the initial Test 
rig.
The results obtained from each design procedure are 
summarized at the end of the Chapter to enable comparison
between the number and size of air blasters selected.
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7.2 GENERAL DESIGN PROCEDURE BASED ON BULK SOLIDS FLOW
THEORY, TOTAL GRAVITATIONAL ACCELERATION CONCEPT AND 
BLAST FURNACE RACEWAY THEORY
STEP 1 - Application data of existing bin
The following information is required to be able to proceed 
with the design procedure:
1. Bulk solid handled.
2. Type of flow problems.
3. Existing bin geometry.
4. Description of loading method.
5. Description of feeding method»
STEP 2 - Flow properties of the bulk solid
The flow properties of the bulk solid being considered must 
be obtained using the Jenike Flow Factor apparatus 
described in Chapter 5, Section 5.6.2.
The range of flow property data include:
1. Bulk density .
2. Permeability.
3. Wall friction.
4. Instantaneous and time flow functions.
5. Moisture .
6 . F l u i d i z a t i o n  c h a r a c t e r i s t i c s .
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STEP 3 - Calculation of critical arch reduction factor c -—  — ----  a r f
Based on the flow properties of the bulk solid obtained in 
Step 2, and the design procedures for mass-flow or 
funnel-flow bins given in Figures 7.1 and 7.2 respectively, 
calculate the critical outlet dimension B (slot width) for 
mass-flow and Df (critical piping diameter) for 
funnel-flow bins.
Knowing B or D,. and the existing bin opening B____,I  EX 1
compute the critical arch reduction factor C .arf
Carf D i me ns ion
b ext
( 7 . 1 )
Where ^DIMEfjSIOjq = B for mass-flow
D imension = Df for funnel-flow 
BEXT = Existing hopper outlet dimension
(slot width)
STEP 4 - Air pressure gradient based on the total effective 
gravitational acceleration concept
Using equation (4.26) 
air pressure gradient 
arch reduction factor 
arch or rathole.
developed in Chapter 4 compute the 
dP/dS required to produce a critical 
CQrf sufficient to break up the
. dP i. e. _
























( I )  F ^ S .V .V .y ,  Vj.V, . measured in
force units (Newtons)
( ? ) A r e a  of standord shear 
ceM is 1/140
(3)  In example here
determined for o conical 
hopper under  
instantaneous condit ions  
A similar procedure  
is used fo r  t ¡m* 
condi lions » f o r  
wedge hoppers.
I D t t ( r « m t d  I r o n  C Na r t i l
F F -  F l o w f u n c t i o n
4— L- bc
Bulk Densit y (p)  corresponding 
to V, a t  o u t l e t  IkgVcn )̂
MASS-FLOW HOPPER GEOMETRY
F I G j_J_ l 1 —  D E S I G N  P R O C E D U R E  F O R  M A S S - F L O W  B I N S  - A R C H
A N A L Y S I S  - PCA August,79 (After Bruff)
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ri
FIGURE 7.2 CRITICAL RATHOLE DIAMETER AND
FUNNEL FLOW BIN ANALYSIS (PCA April,8 1 )
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STEP 5 - Calculation of fluid velocity required to generate 
the pressure gradient calculated in Step 4
The theory of fluid flow in a porous medium provides the 
necessary equation to determine the body force caused by 
fluid flow. Leva [20] indicates the following equation for 




(l - e) 3-n (n -  1) n p (2 -  n
D (3 -  n)P
3
( 7 . 2 )
Where:
P = fluid pressure ;
S = direction of fluid flow ;
K = permeability coefficient ;
pf = density of fluid ;
e = voids ratio ;
P = bulk density of solid ;
ps = particle density of solid;
v = superficial fluid velocity
n = factor describing the state








In general, n = 1 for laminar flow, which usually occurs 
when the particle size and flow velocities are small, and 
n = 2 for fully turbulent flow, as in the air blaster case.
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dP
Substituting n = 2 in equation (7.2) -- becomes:
dS
dP (1 - e) P • V2= K _____ • _____




K (1 - C) p
( 7 . 3 )
STEP 6 - Air blaster initial pressure
Knowing the fluid velocity to be generated by the air 
blaster, and applying a fluid mechanics approach, the 
initial air blaster pressure P1 is calculated.
The pressure drop in a compressed air pipe is given by:
Ap 1.6 x 108 Q1’85. L
D_.d i s
( 7 . 4 )
Where:
• . 3Q is the volumetric flow rate in (m /s)
L is the length of pipe in (m)
is the inside diameter of air blaster discharge pipe (mm) 
P>l is the initial air blaster pressure (bar)
Re arranging equation (7.4) the relationship for becomes :
S u b s t i t u t e  for Q w h e r e  Q = V . A  
and V  is the fluid v e l o c i t y  in (m/s)
A  is the c r o s s - s e c t i o n a l  area of air b laster d i s c h a r g e
. o 2pipe m  (mz ) = irDdis / 4
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1.6 x 10 8 V.ird
pi = ( 7 . 6 )
Ap . D ' dis
E q u a t i o n  7.6 is g r a p h i c a l l y  r e p r e s e n t e d  in Fi g u r e  7.3. In 
c o n j u n c t i o n  w i t h  T a b l e  7.1, they can be used to d e t e r m i n e  
air b l a s t e r  initial pressures.
STE P  7 - A r e a  of inf l u e n c e  of air blast
U s i n g  the Blast F u r n a c e  R a c e w a y  t h e o r y  o u t l i n e d  in 
A p p e n d i x  J, the blast d i a m e t e r  BD I A  is c a l c u l a t e d  from
e q u a t i o n ( A 2 5 ) .
0.41
B
DIA r / 1 u / j 1.73 n2
D . \ dis -------------  (A25)
D .dis _ \ nd °-29} \ 4  j
W h e r e is the drag number
D dis the a ^ r blas t e r  inlet pipe di a m e t e r 
n is the nu m b e r  of blas t e r  inlet pipes 
A  is the c r o s s - s e c t i o n a l  area of the hopper
A s s u m i n g  the air blast to be spherical in shape, the area 
of i n f l u e n c e  is c a l c u l a t e d  u s ing the s urface area of a
2s p h e r e  = 4irr w h e r e  r is the radius of the sphere = B DIA/2
DIA.*. Area of i n f lu e n c e  of a i r  b l a s t  = 4














Pipe length in metres
















\ \\\ s \












V \ \X v X
\ Xv X













































0.001 0.002 0.005 0.01 0.02 0.05 0.1 0.2 0.5 1 2 5 7 10 15V_________________________________________________yv__________ j■V
Pressure drop in the pipe (bar) Initial pressure (bar)




















S e a t  v a l v e
\5 1 3-6 5-10 7-15 10-25 15-30 20-50 25-60
D ia p h r a g m  v a l v e 1Æ 1.2 2.0 3.0 4.5 6 8 10
G a te  v a lv e 1----LT- 0.3 0.5 0.7 1.0 1.5 2.0 2.5
E lb o w \ 1.5 2.5 3.5 5 7 10 15
B e n d  R =  d 0.3 0.5 0.6 1.0 1.5 2.0 2.5
B e n d  R =  2d
- t r  r
0.15 0.25 0.3 0.5 0.8 1.0 1.5
H o s e  c o n n e c t i o n  
T - p ie c e rJ 2 3 4 7 10 15 20







0.5 0.7 1.0 2.0 2.5 3.5 4.0
TABLE 7.1- EQUIVALENT PIPE LENGTH FOR VARIOUS AIR BLASTER OUTLETS 
( Atlas Copco Compressed Air Manual )
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S T E P  8 - A i r  b l a s t e r  v o l u m e
K n o w i n g  the air b l a s t e r  i n i t i a l  v e l o c i t y  r e q u i r e d  to 
g e n e r a t e  the air p r e s s u r e  g r a d i e n t  d P / d S  c a l c u l a t e d  in 
S t e p  5, the v o l u m e t r i c  f l o w  rate Q and h e n c e  the v o l u m e  of 
air r e q u i r e d  c a n  be c a l c u l a t e d  u s i n g  the r e l a t i o n s h i p
Q = V . A ----------- ----------- ------------ (7.8)
w h e r e :
. 3Q is the v o l u m e t r i c  f l o w  rate (in /s)
V  is the air b l a s t  v e l o c i t y  (m/s)
A  is the c r o s s - s e c t i o n a l  area of the air b l a s t e r
2
d i s c h a r g e  p i p e  = V,irDdis
4
D,. is the diameter of the air blaster discharge pipeQIS
V . IT D 2
.*. Q = ______ dlS ___________________________ (7.9)
4
But Q = X 
t
(7.10)
w h e r e :
. 3v is the v o l u m e  of air in the air b l a s t e r  (m )
t is the air b l a s t e r  d i s c h a r g e  tim e  w h i c h  w a s  d e r i v e d
m a t h e m a t i c a l l y  in A p p e n d i x  F and e x p e r i m e n t a l l y  in 





equation (7.10) into 
for v we obtain the






( 7 . 1 1 )
STEP 9 - Selection of air blaster size from manufacturers 
specification
From manufacturers specification sheet (Figure 5.6), for 
the pressure and volume calculated in Steps 6 and 8 , select 
the appropriate air blaster size.
The diameter of the air blaster discharge pipe,
is dependent on the size of the air blaster selected 
ranging from 50 mm for the smallest units, 100 mm for the 
medium size units and 150 mm for the larger units (refer to 
Figure 5.6 for details).
STEP 10 - Air blaster location from Experimental or 
Theoretical design graphs developed in 
Chapter 6
From design graphs developed in Chapter 6 determine the
minimum distance SNqrm s*lown in Figure 7.4, the air
blaster has to be positioned from the arch or rathole in
order to produce the required critical arch reduction
factor C c defined in equation (7.1).arf x '
To allow for distortion of the pressure field around the 
point of injection due to the injection pipe being directed
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- ^iNCL distance along the axis of the air
blaster point of injectiontfrom the air blaster 
inlet point to the position of the arch (Figure 7.4)
- ^NORM distance normal to the hopper wall from
the air blaster point of injection to the position of 
the arch (Figure 7.4)
- i3j is the angle of inclination of the air blaster 
inlet axis from the hopper wall normal (Figure 7.4)
STEP 11 - Number of air blaster units, number of air blaster 
levels
(a) Number of air blaster units (ND) - Based on the size
of the dead region of material in the bin, the area of 
influence of the selected blaster, the number of units 
required to cover the dead region is calculated from 
the following:
n b
Area of influence of dead region 
Area of influence of air blaster
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NORMAL AND DISTORTED PRESSURE FIELDS
FIGURE 7.4-AIR BLASTER INJECTION POINT DETAILS [3]
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(b) Number of blaster levels (NT) - Based on the
Li
Critical Arching Dimension B or Critical Piping 
diameter Df calculated in Step 3, and the minimum 
distance SINCL at which the air blaster must be 
positioned, check the possibility of the material 
forming an arch above the point of injection of the 
air blaster.
By comparison of the two parameters B or and 
SINCL the following conclusions can be drawn.
If arch not forming above the point of injection then 
one blaster level is sufficient to break up arch. 
Number of blasters depends on (a) above.
If an arch forms above the point of injection then two 
blaster injection levels have to be considered.
STEP 12 - Sequence of air blaster activation
The following procedure is adapted:
1. Select the appropriate method for activating the quick 
release valve from Chapter 5.
2. For Ng = 1 and N^ = 1 - use air blaster as a 
prevention of arches or ratholes rather than a cure by 
activating the air blaster on a periodic basis 
depending on demand.
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3. For Ng > 1 and N^ > 1 - select a timed electric 
arrangement for an automatic operation. Programme the 
timed electric so that the lower level air blasters 
are activated first to break up the lower arch then 
the upper level blasters to break up the arch forming 
above the point of injection of the lower level 
blasters.
4. To reduce the possibility of long term eccentric 
loading due to one air blaster operation, where 
possible activate opposite air blasters 
simultaneously. In the case where only one air 
blaster is specified use two smaller air blasters to 
achieve the same effect as the one unit operated 
individually.
7.3 APPLICATION OF MATHEMATICAL DESIGN PROCEDURE
To illustrate the design procedure outlined in Section 7.2,
we will consider the weighbin installation at the ER&S Co.
of Australia Ltd. (discussed in Chapter 5).
STEP 1 - Application data of existing bin
1. Bulk solid handled - Copper concentrate
2. Type of flow problems - Due to the bulk solid's 
cohesive properties and high moisture content (usually 
variable) arching problems were continuously 
experienced.
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3. Existing bin geometry - The original test rig design 
was obtained from the weighbin design because of its 
size and nature of problems that were experienced. 
Therefore, Figure 5.1 is used as a detail drawing for 
the existing bin geometry.
4. Description of loading method - Belt conveyor loading 
in the centre of the bin.
5. Description of feeding method - Gravity feed into a 
skip.
STEP 2 - Flow properties of bulk solid
To obtain the relevant flow properties from the graphs 
presented in Chapter 6 and Appendix A, the major 
consolidating stress ai, must be calculated.
A
Where:
= major consolidating force 
A = 1/140 shear cell area.
From Figure A5, for Rusty mild steel find the wall friction 
angle <f> = 32°.
From Figure 5.1 find the hopper half angle for a plane flow 
hopper oCp = 27°.
Using </> = 32° and = 27° from Figure 7.3 find 
ff = 1 .2 .
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Super imposing ff = 1.2 in Figure 6.1, where ff intersects 
with the time flow function find the major consolidating 
force = 52N.
v1 2—  = 52 x 140 = 7280 N/mA
=7.28 kPa
From Figure 6.2, for = 7.28 kPa find the bulk density 
3 .p = 1940 kg/m and from Figure 6.3 for = 7.28 kPa
• -9 4find the permeability factor K = 0.35 x 10 m /N-sec.
STEP 3 - Calculation of critical arch reduction factor
(C .) x arf7
Based on the flow properties of the bulk solid obtained in 
Step 2, and the design procedures for mass-flow or 
funnel-flow as described in Figures 7.1 and 7.2 
respectively, the critical outlet dimension can be 
calculated.
(In our case, mass-flow analysis is used to calculate the 
position and size of the arch forming in the bin.)
v H (a)
B = __ _-----------  --------------------------------------------------------- (4.22)
A p g
The values of V^, H(a) have to be determined by 

















i •20.►H^ 15. 
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ALPHA - DEGREES
PLANE FLOW
f i g i,5 FLOHFACTOR ff - DELIA = 55.DEGREES Ref. (10)
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CURVE 1 __C ircu la r
2  _Square
3  _ R ectangu la r
( L > 3 B )
FIGURE 7.6 —  FUNCTION H(Cfc) Ref.(10)
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(i) Estimate S and 6 at outlet
Following the design procedure outlined in 
Figure 7.1 for mass-flow bins, from Figure A2 Mohr 
circles of flow estimate the effective angle of 
internal friction 6 = 55°. From the 96 hour time 
flow function graph in Figure 6.1 find the 
kinematic angle of friction between the bulk solid 
and bin wall p  = 32°.
(ii) Select and ff
otp = 27° (from Figure 5.1, and Step 2)
For 6 = 55°, 0  - 32° and a = 27°P
from Figure 7.5 find ff = 1.2
(iii) Draw ff line on F versus plot in Figure 6.1 
This line intersects FF̂ . at V1 = 52N and 
= 46N corresponding to 6 = 55°. Since 6 
corresponds to the initial estimated value, no more 
iterations are necessary.
(iv) Compute critical outlet dimension 
In this case B is the slot width
v i  H (a)
B = ___________
A p g
From Figure 7.6 for a rectangular slot 
H(a) = 1.15





The existing BEXT outlet of the hopper = 0.254 m.
The recommended length L of the hopper outlet for 
no arching is L > 3B gives L > 1.17 m.
The existing length of the hopper outlet 
LEXT = 0 , 7 6 2 m
(v) Compute the critical arch reduction factor
From the figures obtained in (iv) above, the
critical arch reduction factor can be computed





STEP 4 - Air pressure gradient based on the total effective 
gravitational acceleration concept
The air pressure gradient dP/dS required to generate a
critical arch reduction factor C c = 1.53 is calculatedar f
from equation (4.26).
Since we are interested in the air pressure gradient below 







Substituting the relevant data:
arf





o= 1940 x 9.8 (1.53 - 1.0) = 10076 N/m /m
= 10.0 kPa/m
Therefore, for the computed arch reduction factor
Cgrf = 1.53, the air blaster(s) selected must generate an
air pressure gradient of 10 kPa/m.
STEP 5 - Computation of the blast velocity required to 
generate the air pressure gradient dP/dS
Applying equation (7.3) derived earlier
v =
dP 3 _
—  e D] dS
K (1 - e) p
(7.3)
Sustituting the relevant data:
dP = 10 kPa/m = 10000 N/m2/m (from Step 4)
dS





e is the void ratio; p is the bulk density
 ̂s is the particle density
DP is the particle diameter = 300 x 1 0 - 6 m
« V
/ 3 -6 10000 x (0.25) x 3000 x 10
J 0.37 x 10-9 (1 - 0.25) 1940
= 294 m/s
STEP 6 - Air blaster initial pressure
Knowing the fluid velocity to be generated by the air 
blaster(s) and applying equation (7.5)
pl
1.6 x 108 L
Ap . Ddis
5
( 7 . 6 )
V = 294 m/s (calculated in Step 5)
D ,. = 50 mm (air blaster discharge pipe inside diameter)dis
Ap = 0.12 (from fig 7.3)
L = length of pipe + equivalent pipe length (from Table
7.1)
= 200 mm + (300 + 3500) = 4000 mm.
Substituting in eqn.
1.6 x 108 (_
(7.6)
2294 x 3.142 x 0.05 
4
0.12 x ( 5 0 ) 5
1.85
4
6 . 1 8  b a r 6 1 7 . 4  k P a .
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STEP 7 - Area of influence of air blast
Applying equation (A25) from Appendix J
0.41
l
Where is the drag number = g s 2 (pg - p)
V is the air blast velocity 
(Calculated in Step 6)
. . . 2g is the acceleration due to gravity = 9.8 m/s
s is the average surface area of charge particle
2 —  6= 4irr , r is the particle radius = 150 x 10 m
.*. s = 4 x 3.142 x (150 x 10_6)2
= 2.82 x 10_7m2
p is the solids particle density = 2.5 g/mls
p is the blast density in air blaster discharge pipe 
= 0.0012 g/ml
is the air blaster discharge pipe diameter = 50 mm 
n is the number of blaster inlet pipes = 1
Substituting the relevant data in the Drag number equation
„ v2 (1 8 2 )2
9.8 x J (2.82 x 10-7) [2.5 - 0.0012]
D 1
g s 2 (p -  p)
= 2.56 x 10
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t 1 .7 3
50
.56 x 10 x 0.29.
1200
0.41
—  f i





= 5.69 . ’ . B_T_ = 5.69 x 50 = 284 mmDIA
Applying equation (7.7):
Area of influence of air blast = 4ir DIA
= 4 x 3.142 x 0.284
= 0.253 m
STEP 8 - Air blaster volume
Applying equation (7.10)/ the volume of air required for 
the air blaster(s) to be effective can be calculated:
v ir d d is
v
4






294 m/s (calculated in Step 5)
50 mm
time taken for air blast to dissipate throughout 
the bulk solid. From Figure 6.4 find t = 0.12 sec
2
294 x 3.142 x (0 .0 5 ) x  0 12




STEP 9 - Selection of air blaster size from manufacturers 
specification
From the manufacturers specification sheet in Figure 5.6, 
for the calculated pressure and volume, select the 
appropriate air blaster size.
i.e. For P1 = 617 kPa (89.6 psi) 
v = 0.07 m3 (2.44 ft3)
Find the nearest air blaster is the BB2-8-16.
STEP 10 - Air blaster location from experimental or
theoretical design graphs developed in Chapter 6
Experimental Results
From design graph Figure 6.14 in Chapter 6, determine the 
minimum distance sNOr m' the a*r ^laster has to be 
positioned from the arch in order to produce the required 
critical arch reduction factor Cart 1.53.
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Find from Figure6.14 for = 1.53 = 340 mm.
To allow for distortion of the pressure field around the 
point of injection (Figure 7.4) due to the air blaster 
injection pipe being directed downward, the following 
tentative estimate is used to correct the positioning 
distance of the air blaster.
s in c l
SN0RM 
cos Gj
sn o r m  = 340 "TO
(7 .1 1 )
is the angle of inclination of the air blaster inlet 
axis from the hopper wall normal = 17° (angle chosen so 









From design graph Figure 6.14 in Chapter 6, determine the 
minimum distance SN0RM/ a^r blaster has to be
positioned from the arch in order to produce the required 
arch reduction factor C _ =alt 1.53.
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Find from Figure 6 .14 for C c = 1.53 = 650 mm. ̂ a r f NORM
To allow for distortion of the pressure field around the 
point of injection (Figure 7.4) due to the air blaster 
injection pipe being directed downward, the following 
tentative estimate is used:




= 17° angle of inclination of the air blaster inlet








STEP 11 - Number of air blaster units, number of air blaster 
levels
(i) Numer of air blaster units Ng
Area of influence of dead region 
NB = _______________________________
Area of influence of air blaster
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The area of influence of the dead region depends on 
the position in the bin where the arch forms and the 
existing hopper geometry.
In our case, we found in Step 3, the critical outlet 
dimension B (slot width) to be 0.389 m. The existing 
hopper outlet length L„ vrT1 = 0.762 m. Therefore the 
area of the hopper in which the arch forms can be 
computed.
Area of influence of dead region = 0.389 x 0.762 
= 0.296 m2
The area of influence of the air blaster was
2determined in Step 7 to be 0.253 m .
0.253
Since N„ > 1, two air blaster units are
¿5
recommended*In addition,to reduce the possibility of 
long term eccentric loading due to one air blaster 
operation, two air blaster units are recommended to 
be activated simultaneously.
(ii) Number of air blaster levels NT
J_J
Since an arch is unlikely to form above the point of
injection of the air blaster (STMr,T = 356 mm
-L rJULi
experimental results, SINCL = 680 mm theoretical 
results) one air blaster level is sufficient.
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STEP 12 - Sequence of air blaster activation
In our example, we found ND = 2, NT = 1. A timedD  Li
electric arrangement is recommended so that the air blaster 
operation can be programmed to discharge simultaneously on 
a periodic basis making sure the feeder is in operation, 
otherwise further consolidation of the bulk solid is likely.
In our case, the process was 'batch' type where the copper 
concentrate resided in the weighbin for approximately ten 
minutes. Therefore, it is recommended for the two air 
blasters to be programmed to discharge simultaneously as 
the weighbin gate opens to allow the copper concentrate to 
discharge in the skip hoist.
COMMENT
Using the mathematical design procedure developed in this 
Chapter, we found for the weigh bin application at The E.R & S 
Co.of Australia, two air blaster units (BB2-8-16 type ) are 
required to prevent arching of the copper concentrate and 
ensure gravity flow into the skip.
The original specification for this application (Manufacturer2) 
was two BB4-20-30 units. Commissioning of these units resulted 
in the weigh bin lifting off its support causing damage to the 
structure of the bin and the weighing instrumentation.
The obvious ’overkill’ by Manufacturer 2 supports the lack 
of a mathematical based approach to the specification of 
air blasters,
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AIR BLASTER SPECIFICATION SUMMARY
Step
No. Description of Design Procedure
Design
Parameter Calculated
1 Existinq bin aeometrv and
application data
- Bulk solid to be handled Copper 
Cone.
- Existing bin outlet bEXT 254 mm
- Existing hopper half angle <xp 27°












- Moisture content % M 9%
3 Mass-flow/Funnel-flow analysis
- Type of analysis




4 Air pressure aradient





- Air blaster velocity V 294 m/s
6 Air blaster initial air pressure
- Stored air blaster pressure pi 617 kPa
7 Area of influence of air
blast
- Blast diameter Bdia 284 mm
- Area of influence of air blast 0.253 m2
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Step
No. Description of Design Procedure
Design
Parameter Calculated
8 Air blaster volume
- Volume of air V o o 3 GJ
9 Air blaster size
- Air blaster specification BB2-8-16
10 Air blaster location
- Based on experimental data SINCL 356 mm
- Based on theoretical data SINCL 680 mm
11 Number of air blaster units/
levels
- Number of units n b 2
- Number of levels Nl 1
12 Sequence of firinq of air
blaster( s)











- Angle of inclination of air 
blaster discharge pipe
Bl 17°
- Air blaster discharge pipe Ddis 50 mm
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7.4 AIR BLASTER MANUFACTURERS EMPIRICAL SELECTION PROCEDURES
7.4.1 Introduction
Two leading Air blaster manufacturers selection procedures 
are outlined in this section.
Both methods are based on an empirical approach coupled with 
experience related conclusions.
The first method considered is based on the "Area of 
influence" of the Air blaster being geometrically 
superimposed on the plan view of the bin.
The second method considered is empirically oriented and is 
also based on a commom sense approach.
However, both methods lack theoretical reasoning and 
therefore should be carefully examined to make sure an 
"overkill" of a particular situation is not created.
Both manufacturers selection procedures are applied to the 
weighbin example considered throughout the Thesis to enable 
comparison between the mathematical procedure and the 
empirical procedures.
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7.4.2 Manufacturer 1 Selection Procedure
STEP 1 Determine selection category of bulk solid 
and storage facility.
From Table 7.2 below based on type of bulk solid handled, 
select material type.
MATERIAL TYPE I MATERIAL TYPE II
- Weigh 701b/ft3 Weigh 401b/ft3
- Cling regardless of weight. Are dry and powdery.
- Have mixed or large chunks, 
as ores.
Are spongy and do not 
compact or cling during 
holding.
- Are heavily oil or water­
laden .
Flow easily under most 
conditions.
- "Set up" or harden during 
holding.
Stored in bins with 
steeply sloping walls 
exceeding 55° from 
horizontal.
- Compact easily Stored in bins with large 
discharge openings
TABLE 7.2-SELECTION CATEGORY. (46)
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STEP 2: Overlay of circles of influence
Using a plan view of the bin as shown in Figure 7.7, overlay 
scaled "circles of influence" shown for each blaster size in 
Table 7.4.
The following procedure is adapted for different shape 
hoppers:
1« Round hopper - Use diameter as shown in Figure 7.7 
and chart in Table 7.3 for required number and 
sizes of air blaster recommended.
2. Square hoppers - Use diagonal measurement shown in 
Figure 7.7 and refer to chart in Table 7.3 for 
recommendations. Because of possible material hang 
ups in corners, square hoppers require proportionally 
greater number/sizes of air blasters than a rounded 
hopper. 3
3. Rectangular hoppers - Rectangular hoppers should be 
divided into square areas and calculation made as in 
1 and 2 above. If the rectangle has an excess of 
area less than 1/3 of an additional square, 
disregard the excess. If the excess area is larger 
than 1/3 of an additional square, use the diagonal 
measurement of the last adjacent square plus the 
excess area as shown in Figure 7.6.
- 2 0 6 -
Round hopper Square
FIG 7.7 - MANUFACTURER 1 SELECTION PROCEDURE - PLAN VIEW OF BIN
TOP SHOWING DIAGONAL MEASUREMENTS (4 6)
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B LA S T E R
S IZ E
M ATERIAL
T Y P E
H O P P E R  D IA M ETER  OR D IA6 0 N AL
1 m 1.5 m 3m 4.5 m 6m 8.5m 10 m
2-8-20
I 2 4 10 — — — —
I I i 3 8 — — — —
4-12-28
L — 3 4 6 10 12 14
I I - 2 3 4 5 6 7
4-12-30
I — 2 4 6 8 10 1 1
I I - 1 2 3 4 5 6
4-24-48
I — 2 3 5 6 8 9
I I - 1 2 3 4 5 6
4-30-60
I — 1 2 3 4 5 7
I I - 1 1 1 2 2 2
TABLE 7.3 NUMBER OF AIR BLASTERS RECOMMENDED PER SIZE 
AND HOPPER DIA OR DIAGONAL. ( m ) (46)
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AIR B L A S T E R  
S IZ E
M A T E R IA L  T Y P E  I M A T E R IA L  T Y P E  II
2 - 8 - 2 0 1 1.5
4 - 1 2 - 2 8 1.8 2.8
4 -1 2 -3 0 2 3
4 -2 4 -4 8 2.5 3.6
4 —30—60 3 4.6
TABLE 7 -4-AREA OF INFLUENCE OF AIR BLASTERS IN ( m (46)
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STEP 3: Recommended air blasters
From Table 7.3 select the number and size of air blaster(s) 
for the bulk solid in consideration.
7.4.3 Manufacturer 2 - Selection Procedure
STEP Is Determine the number of units of air blaster 
units required to handle the sloped 
section and 18" above the intersection of slope 
and vertical wall. Use the following formula:
No. of levels = H H=Distance of the sloped
8 section of the hopper Fig.7.8. 
The placement of levels will be determined by 
using the procedure that the first level is 
generally 2 feet to 4 feet above the discharge 
and each subsequent level approximately 8 feet 
apart, with the last level one foot above the 
intersection of the slope and vertical wall
Step 2 The number of units to be placed at each level 
can be determined by calculating the 
perimeter of the hopper at each level 
and dividing it by the appropriate constant 
divisor. Level 1 divisor - 20, Level 2 
divisor = 18, Level 3 and remaining levels 
divisor = 15.
STEP 3 Using air blaster selection table 7.5, based on the 
material's characteristics select the size of air 
blaster.
FIG7.8-MONOGRAPH FOR DIFFERENT HOPPER SLOPES (47)
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MATERIAL CHARACTERISTICS CATEGORY EXAPLE
AIR BLASTER 
MODEL










3Bulk density to 80 lb/ft 
Dry to 15% moisture 
Compacting 









3Bulk density to 150 lb/ft 



























TABLE 7.5- MANUFACTURER 2 AIR BLASTER SELECTION CHART (47)
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7.5 APPLICATION USING MANUFACTURERS SELECTION PROCEDURES
7.5.1 Introduction.
The selection procedures based on the manufacturers empirical 
approach are applied in this section to the Weighbin problem 
discussed earlier in this Chapter. The results obtained 
using the design procedures are compared and discussed at the 
end of this Chapter.
7.5.2. Manufacturer 1 - Application of selection 
procedure
Step 1 From Table 7.2 select material type in our case 
the copper concentrate falls in MATERIAL TYPE 1 
- Bulk Density > 70 lb/ft^
From table 7.3 for a diagonal diameter D = 1.98 m 
find for MATERIAL TYPE 1 four air blasters are 
recommended of size 2-8-20.
Steo 2 Using a plan view of the bin, overlay "circles 
of influence". Circles should overlap at critical 
areas, over exit gates, corners etc. For an air 
blaster size 2-8-20 from table 7.4 find area of 
influence of air blaster for MATERIAL TYPE 1 is 
1.0 m. Since there are four air blasters, overlay 
circles of influence from each corner of the bin 
top.
STEP 3 From Table 7.3, the four 2-8-20 units selected in 
Step 1 are therefore recommended.
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FIG 7.9 —  CHECK SELECTION BY OVERLAYING CIRLES OF
INFLUENCE ON PLAN VIEW OF BIN (46)
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7.5.3 Manufacturer 2 - application of selection
procedure
Step 1 Determine the number of levels of air blaster 
units required to handle the sloped section 
and 18" above the intersection of slope and 
vertical wall of the bin.
Using the formula 
No. of levels = H
8
Where H = Distance of the sloped section of
the hopper as shown in Fig 7.10 in feet.
667 667 = 814 mm (2.67ft)
cos 35° 0.8192
The placement of levels is determined by using 
the following procedure which is based on 
experience.
1) LEVEL 1 - 2ft - 4ft above the discharge.
2) SUBSEQUENT LEVELS - 8ft apart.
3) LAST LEVEL - 1 ft above the intersection 
of the slope and vertical wall.
• LEVEL 1 is located say 3 ft above the 
discharge of the bin.
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Step 2 : The number of units is determined by
calculating the perimeter of the hopper at each 
level and dividing it by the appropriate 
constant divisor.
1) LEVEL 1 - Constant divisor = 20
2) LEVEL 2 - Constant divisor = 18
3) LEVEL 3 and remaining - constant divisor = 15
NUMBER OF UNITS = PERIMETER AT LEVEL 1
20
= 5FT X 4 
20
= 1 UNIT
Step 3: Size of Air Blaster - The size of the air
blaster is selected by use of the air blaster 
selection chart presented in Table 7.5 and 
knowledge of the bulk solids characteristics.
Referring to Table 7.5, the copper concentrate 
falls in Category 3. Therefore the size of the 
air blaster is Model 4-20-30.
Therefore, for the particular application considered one air 
blaster unit size 4-20-30 located at a single level 3ft above 
the discharge of the bin is recommended.
66
7
- 2 1 6 -
667
cos 35°
= 814 mm (2.67ft)
FIG. 7.10 - END ELEVATION OF ORIGINAL TEST RIG
MANUFACTURER 2 SELECTION PROCEDURE 
(Ref. FIG. 5.1)
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7.5.4 SUMMARY OF SELECTION PROCEDURES DEVELOPED IN CHAPTER 7
The selection procedures developed in Chapter 7 are presented 
in Table 7.6 below.
T Y P E  O F  S E L E C T IO N  
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1 7 3 . 0
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TABLE 7.6 - RESULTS OF SELECTION PROCEDURES








Based on the preceding Chapters, we are now in a 
position to draw conclusions on the prediction and 
performance of air blasters.
1. From the literature survey carried out it was found 
that technical literature on the performance and 
selection of air blasters is very scarce. On the other 
hand, manufacturers information is available, discussing 
their experiences with air blaster applications and 
empirical selection procedures which tend to lack 
theoretical reasoning.
2. Using air blasters to promote flow can be dangerous 
if the correct precautions are not taken. We found in 
Chapter 3 that in Mass-Flow bins, very high pressures 
are created at the transition from the vertical to the 
sloped section. High pressures are also created when an 
arch or bridge collapses due to the air blast. It is 
important to note that most bin failures start when the 
bin is being emptied, not when the material is at rest. 
(10) Therefore, air blasters where-ever possible should 
be considered as localized, preventative aids used in 
cycles.
3. Applications where air blasters have particular 
advantages include:
- There is sufficient evidence and experience (now 
backed by gome initial quantitative 
understanding) to show that air blasters can be 
used to induce reliable flow and to increase 
the live capacity of bins and hoppers.
- 2 1  Q -
- The flow promotion of bulk solids which 
display significant increases in strength with 
time storage.
- The "Combined Flow" approach results in 
a Mass-Flow design taking advantage of 
gravity, combined with correctly designed air 
blasters engineered to alter the properties of 
a bulk solid or to apply an external force on 
demand. The "Combined Flow" approach results 
in a design with many options for bulk solids 
storage.
4. Applications where air blasters are unsuitable 
include:
- When used on bulk solids with relatively time
invariant flow properties which do not gain 
strength with time. .
- When used on coarse permeable bulk solids.
- When the air blasters are incorrectly sized 
and positioned or too few or too many air 
blasters are used.
5. After a number of attempts with different types of 
recording equipment, it was established that the 
Ultraviolet Photocorder is most suitable to record the 
instantaneous air blaster response.
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6. From the experimental results obtained the 
following observations are made:
- The air blaster effect is in the form of an 
initial shock wave dissipating very rapidly 
(varying between 0.01 seconds to 0.25 
seconds) throughout the bulk solid in the form 
of an air pressure gradient.
Air pressure gradients acting above the air 
blaster injection point act counter to 
gravity, whereas air pressure gradients 
acting below the air blaster injection point 
in the direction of fluid flow (which is 
caused by frictional drag from the relative 
velocity of the fluid and bulk solid), 
assists the body force acting in the direction 
of gravity.
The pressure gradients generated by the fluid 
flow and the bulk density vary continuously in 
the flow field. The critical arch reduction 
factor (Carf), was shown to vary continuously 
in the same flow field.
The Carf was shown to decrease continuously 
with the distance below the injection point 
and also, to decrease continuously with time 
after the 'firing' of the air blaster.
The two most important flow parameters when 
analysing air blasters were found to be:
. Permeability of the bulk solid;
. Compressibility (bulk density of the bulk solid).
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0.2 CON CLUS] OIIS
Based on the theoretical and experimental results obtained 
on the mathematical modelling and operation of air blasters 
the following conclusions are drawn:
1 . The mathematical descript 
blasters is very complex, 
solution of the model was 
warranted in this initial
ion of the operation of air 
so much so, that an exact 
not attempted, nor was it 
investigation.
2 . Air Blasters can be effective in breaking stable 
arches and ratholes in bins. Sizing and locating 
blasters are usually done by trial and error (as 
the manufacturers selection procedures discussed 
Chapter 7) often with the result that the blaster 






3. The mathematical analysis of air blasters involves the 
solution of equations of equilibrium, solids and gas 
continuity (Chapter 4). By computing the arch breaking 
capabilities of a single air blaster and superimposing 
the effects of multiple blasters fired simultaneously, 
various levels and numbers of air blasters along the 
hopper walls can be considered (Chapter 7, Approximate 
Mathematical Selection Procedure). The optimum solution 
is found when the arch breaking capability of the blasters 
is sufficient to overcome the bulk solid's strength at all 
points of a potential arch or rathole. Therefore, the 
effectiveness of air blasters is dependant on the correct 
size and placement in relation to the arch or rathole.
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4. The mathematical model based on the lumped element theory 
was found to have a higher confidence level (Appendix L)  
for copper concentrate,Pig.6 .14 than coal,Fig.A 1 7 .
This is believed to be due to the difference in the flow
i r— '
properties of the copper concentrate and coal, in partic­
ular permeability and bulk density, Figs.6.3 and A 7 .
The above conclusion is supported by considering the 
operational effect of an air blaster. As the quick-release 
valve is opened, (calculated in Appendix F to be 1̂7 milli 
seconds), a sudden rush of air encounters the bulk solid, 
the permeability of the porous solids provides a limit 
that quickly decreases the velocity below sonic (M<1).
The air spreads out in essentially a spherical fashion 
around the point of entry,and causes flow pressure gradi­
ents that eventually reach the surface of the arched 
material. These gradients add to the force of gravity, 
and if the combined effect is large enough, the arch will 
break and solids flow will be established.
In general, air blasters were found to be more effective 
when used to break arches or ratholes in bulk solids that 
have an increase in cohesive strength with time at rest, 
such as copper concentrate. This can be observed by comp­
aring Fig.6 . 4  for copper concentrate and Fig.A8 for coal. 
It can be seen due to the low permeability and high bulk
density of the copper concentrate, the air pressure grad-
dP .ient ^  is greater than that for coal. Due to the high
permeability of the coal, the air escapes through the
gradient.
voids of the bulk solid resulting in a lower air pressure
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5. Applying the statistical technique T t ' test (Appendix L) 
significance of difference between the two models was calcul­
ated.Results show a significant difference between theoretical 
and experimental results.(Fig.6.14 for copper concentrate and 
Fig.A 17 for coal).
6. The main reasons for a significant difference between the 
theoretical and experimental model are believed to be the 
following:
- The number of elements considered in the model was 
insufficient.
- Polytropic and turbulent gas behaviour was not 
incorporated in the theoretical model.
- The air blaster discharge parameters were derived 
experimentally.For a more accurate analysis of air 
blaster discharge parameters sonic gas flow from a 
reservoir through an orifice must be considered.
- The differential equation which describes the flow 
of gas through a porous medium (Eqn. 4.1) is only 
applicable to air blasters which inject air along 
the normal to the plane representing the boundary 
of the infinite half hemisphere (Fig. 4.1). For 
situations where the air blaster injection axis is 
not normal to the boundary plane,a full space 
variation must be considered.
Changes to the theoretical model as suggested above should 
increase the level of confidence between the theoretical and 
experimental models considered in this Thesis.
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7. The theoretical analysis and results presented in Chapter 4 
were advanced by Johanson (1) as tentative and not verified 
experimentally.Comparing Figs. 4.4 and 4.5 to Figs. 6.10 and 
6.11,we can conclude that the experimental results obtained 
in this Thesis provide a reasonable check on the theory 
based on equilibrium and solids and gas continuity also on 
the approximate model based on the lumped element gas flow.
8. The air blaster selection procedure based on the approximate 
mathematical model was found to be compstible with the 
experimental procedure and the empirical manufactures sele­
ction procedures. (Table 7.6).
9. The valve release time for the particular air blaster size 
used in the research was calculated to be 17 milli seconds. 
The air blast response was experimentally measured to take 
between 20 and 30 milli seconds (For copper concentrate and 
coal) to attain maximum effectiveness.
10. The loads exerted on the bin structure by an air blaster 
must be considered when specifying air blaster systems, 
particularly when a bulk solid is being emptied or an arch 
collapses. The bin wall pressures measured (Fig.6.4 for 
copper concentrate and Fig. A8 for coal) were found to be 
significant.( approx 20 % of the initial air blaster 
pressure ). It was difficult to predict whether or not all 
the energy imparted into a hopper by an air blaster was 
absorbed by the E l a s t i c i t y 1 of the bulk solid. This 
elasticity would cause the bulk solid to separate from the 
walls allowing the compressed air to readily escape to
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atmosphere as shown in Photo 6.1. This phenomena would 
minimize the flow promotion effects of the air blaster, 
giving rise to a consolidated slug of material in the hopper 
as shown in Photo 6.2.
11. The thermodynamic stagnation theory used to calculate the 
force output from an air blaster compares favourably with 
results obtained from field trials and the steady state 
momentum equation calculation. ( Appendices G, H and I ).
12. There is sufficient evidence and experience (now backed by 
some initial quantitative understanding and experimental data) 
to show that air blasters can be used to induce reliable flow 
and to increase the live capacity of poorly designed bins
and hoppers.
13. Using flow aid devices such as air blasters to create Mass- 
Flow can be dangerous if not applied correctly. High pressu­
res are created by slug flow when a bridge or arch collapses, 
and high stress is created.lt is important to note that most 
bin failures start when the bin is being emptied,and NOT when 
the bulk solid is at rest.
Air blasters should therefore be considered as localized 
preventative devices used in cycles to enhance flow of bulk 
solids from bins.
14. The results and design procedures presented in this Thesis 
are approximate only. The lack of experimental and theoret-
v ical information in the literature added further difficulties 
to the existing mathematical complexity of this particular 
topic on the mathematical modelling and operation of blasters.
8.3 RECOMMENDATIONS FOR FURTHER WORK.
Further work which could be carried out using this 
dissertation as a basis includes the following:
a) Lumped element model improvement by increasing 
the number of lumped elements. This would also require 
more accurate modelling and description of the air 
blaster discharge characteristics by assuming sonic gas 
flow from a reservoir through an orifice.
b) Use the existing test rig, to carry out tests 
on a variety of bulk solids at different moistures and 
develop air blaster selection procedures for a number of 
air blaster sizes using transient flow theory.
c) Investigate the velocity profile after the air 
blast encounters the bulk solid, also experimenting with 
the fan jet nozzle.
d) Investigate air blaster effectiveness due to 
valve release time by testing a number of different air 
blaster designs.
e) Develop a computer programme based on this 
Thesis for the specification of air blasters.
f) Using a finite element analysis, investigate 
the pressure imposed on the bin walls by firing the air 
blaster. Develop design graphs for the reinforcement of 
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APPENDIX A - FLOW PROPERTY RESULTS AND DESIGN GRAPHS









NORMRL STRESS -  kPa
FIGURE: A1 INSTRNTRNEOUS YIELD LOCI




































MATERIAL» COAL TESTED» 22-9-88
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MAJOR CONSOLIDATION STRESS - kPa
FIGURE: A6 BULK
MATERIAL« COAL 
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1 division =2 mm = 2kPa
TIME (secs x 10 )
FIG.A8 - PH0T0C0RDER OUTPUT- AIR BLASTER RESPONSE CURVES CORRESPONDING TO TABLE 6.3 
MATERIAL: Coal TYPE OF TEST: Transducer Pressure on bin wall
For transducer locations refer to FIG. 6.5 For transducer calibration curves refer to PIG.A21
AIR  BLASTER EXPERIM ENTAL RESULTS 
TRANSDUCER PRESSURES DN B IN  W ALL
BULK SDLID coal 'A MDISTURE 1 0 % ......  DATE TESTED............¿&.s.t.a6..........
AIR BLASTER PRESSURE 6 1 8 k P a  (  90 t b / l n 2 )
AIR BLASTER ACTUAL VDLUME DF COMPRESSED AIR 0 . 0 9 4  . . . n . 3 < ......... 3 ..3 . . . f ± 3 >
TRANSDUCER
NUMBER




TIME A FTER  FIRING OF AIR BLASTER  AND THE CORRESPONDING
' PRESSURE DN BIN WALL
' C t n P n ) \  P i ^ 3  P 3 * 5 P 5 % P 7 \ P b \ P s ■ tioPio
T ,
OLn IIrH
X TIMECt) secs 0.01 0 . 0 3 0 .0 5 0 .0 7 0 .0 9 0.1 0 .1 2 0 .1 5 0 .1 7 0.20
PRESSURES kPa 2 .0 1 0 .0 1 6 .0 1 5 .0 1 2 .0 1 0 .0 8 .0 4 . 0 2 . 0 0
—
I 
ro X g = 3 0 0
TIMECt) secs 0.01 0 .0 3 0 .0 5 0 .0 7 0 .0 9 0.1 0 .1 2 0 .1 5 0 . 1 7 0.20










TlMEC-t) secs 0.01 0 . 0 3 0 .0 8 0 .0 7 0 .0 9 0.1 0 .1 2 0 .1 5 0 . 1 7 0.20
PRESSURECp) kPa 6 .0 3 0 .0 3 4 . 0 ' 2 6 .0 1 6 .0 1 2 .0 6 .0 __ .-^.Q____ 3 . 0 ____ Û____
t 4 X 4 = 1 5 0
TIMECt) secs 0 m 0 .0 3 0 .0 5 0 .0 7 0 .0 9 0.1 0 .1 2 0 .1 5 0 .1 7 —  0.t 2Q
PRESSURECp) kPa 6 .0 2 4 .0 2 6 .0 2 2 .0 1 8 .0 1 2 .0 1 0 .0 8 . 0 0
in 
I—
X 5 = 3 0 0
TIMECt) secs 0.01 0 .0 3 0 .0 5 0 .0 7 0 .0 9 0 .1 0 .1 2 0 .1 5 0 .1 7 0.20
PRESSURECp) kPa 4 . 0 1 4 .0 1 8 .0 1 6 .0 1 3 .0 8 . 0 6 .0 _i^o____ 2 .0 0
—
I 
cr< X 6 = 4 5 0
TIMECt) secs 0 . 0 1 0 .0 3 0 .0 5 0 .0 7 0 .0 9 0/1 0 .1 2 0 .1 5 0 .1 7 0.20
PRESSURECp) kPa 2 .0 1 0 .0 1 4 .0 . i ,5.ao_ 1 2 .0 ___ 9 .0 6 . 0 .... ■ 4..0____ 2 -0 ___ 0
TABLE A1 TRANSDUCER PRESSURE RESPONSE ON BIN WALL CORRESPONDING TD EIG Ag 









































VERTICAL DISTANCE FROM AIR BLASTER 
POINT OF INJECTION ALONG BIN WALL Cnn)
FIG AQ - AIR PRESSURE DISTRIBUTION FROM BLASTER ON BIN WALL
( Refer to Fig. A8 and Table A1 )
























100 300 500 700 900 1100 1300 1500
VERTICAL DISTANCE FROM AIR BLASTER 
DINT OF INJECTION ALONG BIN WALL (mm)
AIR PRESSURE DISTRIBUTION FROM BLASTER ON BIN WALL
(COMPARISON BETWEEN •'COPPER CONCENTRATE FIG .6.10 AND

























AIR BLASTER VOLUME = 0.094mi
AIR BLASTER PRESSURE 
= 618 kPa
MATERIAL«- Copper conc.& Co«al
•©Copper cone. t=0.017secsL UlCoal t=0.050secs. 
t @ 41- = MAXIMUM





°0 100 200 300 400 500 600 700 800 900 1000
DISTANCE PROM AIR BLASTER INLET ( mm )
FIG a h  -AIR BLASTER EFFECTS DN CRITICAL















Fia. A12 -PHOTOCORDER OUTPUT - AIR BLASTER RESPONSE CURVE CORRESPONDING TO TABLE A2
MATERIAL : Coal TYPE OF TEST: Pressure probe measuring material
void pressure as a function of distance 
along axis from blaster point of injectioFor Pressure probe measuring points refer 


















FIG, A 1 S - PHOTOCORDER OUTPUT - AIR BLASTER RESPONSE CURVE CORRESPONDING TO TABLE A2 
MATERIAL; Coal TYPE OF TEST: Pressure probe measuring material
For Pressure probe measuring points void pressure as a function of distance
refer to FIG. 6.5 For transducer calibration along axis from blaster point of injection


















FIG. A1A- PHOTOCORDER OUTPUT - AIR BLASTER RESPONSE CURVE CORRESPONDING TO TABLE A2 
MATERIAL: Coal TYPE OF TEST: Pressure probe measuring material
For Pressure probe measuring points refer void pressure as a function of
to FIG. 6.5 For transducer calibration curves distance along axis from blaster
refer to FIG.A22 point of injection
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AIR BLASTER EXPERIMENTAL RESULTS 
PRESSURE PRDBE TESTS
BULK SOLID...COAL........  % . MDISTURE......10%......... DATE TESTED... 2 7 . 8 . 8 6  ..
• AIR BLASTER PRESSURE ......620.......k.Pa <.....90.... ......Uo./I.n 2)




< Xn Vn Zn >
TIME AFTER FIRING DF AIR BLASTER AND THE CORRESPONDING 
PRESSURE READING AT THE GIVEN CO-ORDINATES
C L  P n ) L  P i L  p2 L  p 3 L  p4 L  p5 L  p6 L p 7 L  p8 L  p9 *10 P10
( 100,0,26 ) TIME<t) s e c s 0.01 0 .02 0.03 0.04 0.05 0.06 0.07 0.1 0.325 0.4
P R E S S U R E S  k P a 146.2 610 301 258 60.2 43 26 0 0 0
t TIM E(t) s e c s
PRESSURE(p) kP a
( 300,0,79 ) TIME(-t) s e c s 0.01 0 .02 0.03 0.04 0.05
0.06 0.07 0.1 0 .4 15 0.42
PRESSURE(p) kP a 1 7 . 2 68.2 120.4 189.2 172 1 63.4 1 3 7 .6 86 -430 0
TIM E(t) s e c s
PRESSURE(p) kP a
( 500,0,132 )
TIME(-t) s e c s 0.01 0.02 0.03 0.04 0 .0 5 0.06 0.07 0.1 0.385 0 .4
PRESSUf^E(p) kP a 34.4 . 60.8 86 103.2 120.4 111.8 103.2 68.8 - 223.6 0
T IM E « ) s e c s
PRESSURE(p) kP a
TABLEA2 -  PRESSURE PROBE RESULTS CORRESPONDING TO FIGS...A12,..A 1.2,..A l l  
(REFER TO FIGi-...6,.5....FOR CO-ORDINATES.)
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PO
1 . 0 2 9 0 0 + 0 2
RHO





3 - 0 0 0 0 0 + 0 0
TFN
3 . 0 0 0 0 0 + 0 1
VI
3 . 2 7 0 0 0 - 0 2
V2
2 . 2 9 1 0 0 - 0 1
03
6 . 2 1 8 0 0 - 0 1
04
1 . 2 1 0 3 0 + 0 0
05
1 . 9 9 6 2 0 + 0 0
V6
2 . 9 7 3 0 0 + 0 0
RT1
8 . 4 3 3 0 0 - 0 1
07
4 . 1 3 6 1 0 + 0 0
RT2
1 . 6 9 3 0 0 - 0 1
03
5 . 3 3 0 3 0 + 0 0
RT3
7 . 2 3 0 0 0 - 0 2
09
7 . 1 0 1 3 0 + 0 0
RT4
4 . 0 4 0 0 0 - 0 2
010
8 . 8 6 8 5 0 + 0 0
RT5
2 . 3 3 0 0 0 - 0 2
Irv>
voI
TABLE A3 - INPUT DATA PARAMETERS FOR LUMPED ELEMENT MODEL CORRESPONDING TO FIG. 6.9 
MATERIAL: Coal MOISTURE: 10 %


























1„9000 0 + 01 
3 - 4 2 3 0 0 + 0 2
„ 0 0 0 0 0 + 0 1  
„3 3 9 7 3 + 0 2
„ 1 0 0 0 0 + 0 1
. 2 9 8 9 3 + 0 2
.20000+01
. 2 4 2 1 7 + 0 2
. 3 0 0 0 0 + 0 1  
. 1 8 9 1 3 + 0 2
. 4 0 0 0 0 + 0 1  
. 1 3 9 4 9 + 0 2
. 5 0 0 0 0 + 0 1
„ 0 9 2 9 6 + 0 2
. 6 0 0 0 0 + 0 1  
. 0 4 9 2 8 + 0 2
„ 7 0 0 0 0 + 0 1
„ 0 0 8 2 0 + 0 2
„ 8 0 0 0 0 + 0 1
. 9 6 9 3 0 + 0 2
„ 9 0 0 0 0 + 0 1
. 9 3 2 9 7 + 0 2
.00000+01
„ 8 9 8 4 2 + 0 2
TABLE A4 
MATERIAL:
QO P6 R2 
Q2
0.. 00000
2 . 8 1 7 7 7 + 0 2
0.. 00000
• 2 . 7 9 1 8 4 + 0 2
0.00000
2 . 7 6 6 3 1 + 0 2
0.00000
2 . 7 4 1 9 4 + 0 2
0 . 0 0 0 0 0  
2 . 7 1 3 2 4 + 0 2
0 . 0 0 0 0 0  
2 . 6 9 3 4 2 + 0 2
0 . 0 0 0 0 0  
2 . 6 7 3 4 7 + 0 2
0 . 0 0 0 0 0  
2 . 6 3 2 3 7 + 0 2
0 . 0 0 0 0 0  
2 . 6 3 2 0 6 + 0 2
0 . 0 0 0 0 0  
2 . 6 1 2 4 9 + 0 2
0 . 0 0 0 0 0  
2 . 3 9 3 3 9 + 0 2
0.00000
2 . 3 7 5 3 1 + 0 2
ENDATA 
STOP





4 . 8 1 9 2 8 + 0  
2 „ 1 3 7 6 3 + 0
4 . 6 6 7 0 4 + 0
2 . 2 0 3 4 5 + 0
4 . 5 2 8 2 5 + 0
2 . 2 1 6 0 8 + 0
4 . 4 0 1 1 2 + 0
2 . 2 2 6 1 0 + 0
4 „2 8 4 1 9 + 0  
2 . 2 3 3 8 9 + 0
4 . 1 7 6 2 4 + 0
2 . 2 3 9 7 6 + 0
4 . 0 7 6 2 5 + 0
2 : 2 4 3 9 4 + 0
3 . 9 8 3 3 4 + 0
2 . 2 4 6 6 3 + 0
3 . 8 9 6 7 9 + 0
2 . 2 4 7 9 7 + 0
3 . 8 1 5 9 7 + 0
2 . 2 4 8 1 2 + 0
3 . 7 4 0 3 1 + 0
2 . 2 4 7 1 9 + 0
3 „6 6 9 3 5 + 0  


























P2 P3 P4P8 P9 P10
MV1 MV 2 MV 3
Q4 Q5 Q6
4 . 6 3 7 1 2 + 0 2 4 . 3 3 0 1 2 + 0 2 3 . 9  4 3 0 3 + 0 2
1 „ 6 3 8 7 6 + 0 2 1 . 3 4 2 S 3 + 0 2 1 . 4 4 0 4 4 + 0 2
4 . 4 9 6 0 8 + 0 2 4 . 2 2 6 8 0 + 0 2 3 . 8 4 3 0 4 + 0 2
1 . 7 3 3 4 9  + 02 1 . 5 7 7 6 3 + 0 2 1 „ 4 6 8 3 3 + 0 2
4 . 3 6 7 3 1  + 02 4 . 1 1 3 8 7 + 0 2 3 . 7 5 4 8 2 + 0 2
1 . 7 7 3 2 3  + 02 1 . 6 0 3 6 0 + 0 2 1 . 4 9 3 1 1 + 0 2
4 . .2 4 9 2 0  + 02 4 0 1 0 0 3 + 0 2 3 . 6 7 1 4 6 + 0 2
1 . 8 0 8 2 1 + 0 2 1 . 6 3 5 3 3 + 0 2 1 . 5 1 4 9 3 + 0 2
4 . 1 4 0 4 3 + 0 2 3 . 9 1 4 2 0 + 0 2 3 . 5 9 4 2 2 + 0 2
1 . 8 3 8 7 6 + 0 2 1 . 6 3 9 6 4 + 0 2 1 . 5 3 3 9 7 + 0 2
4 . 0 3 9 9 1 + 0 2 3 . 8 2 5 4 8 + 0 2 3 . 5 2 2 4 7 + 0 2
1 . 8 6 3 2 0 + 0 2 1 . 6 8 0 2 3 + 0 2 1 1 5 5 0 4 6 + 0 2 1ro
v_n
3 . 9 4 6 7 2 + 0 2 3 . 7 4 3 0 9 + 0 2 3 . 4 5 5 6 5 + 0 2 O
1 . 8 8 7 9 0 + 0 2 1 . 6 9 7 9 1 + 0 2 1 . 3 6 4 6 2 + 0 2 1
3 . 8 6 0 0 7  + 02 3 . 6 6 6 3 9 + 0 2 3 . 3 9 3 2 9 + 0 2
1 . 9 0 7 2 1 + 0 2 1 . 7 1 2 9 5 + 0 2 1 . 3 7  6 6 6 + 0 2
3 . 7 7 9 3 0 + 0 2 3 . 5 9 4 8 1 + 0 2 3 . 3 3 4 9 5 + 0 2
1 . 9 2 3 4 8 + 0 2 1 . 7 2 5 6 2 + 0 2 1 . 5 8 6 3 1 + 0 2
3 . 7 0 3 8 3 + 0 2 3 . 5 2 7 8 6 + 0 2 3 . 2 8 0 2 8 + 0 2
1 . 9 3 7 0 1 + 0 2 1 . 7 3 6 1 6 + 0 2 1 . 5 9 3 2 3 + 0 2
3.. 6 3 3 1 5 + 0 2 3 . 4 6 5 1 1 + 0 2 3 . 2 2 8 9 4 + 0 2
1 . 9 4 8 1 1 + 0 2 1 . 7 4 4 3 1 + 0 2 1 . 6 0 2 1 7 + 0 2
3 . 5 6 6 3 4 + 0 2 3 . 4 0 6 1 8 + 0 2 3 . 1 8 0 6 4 + 0 2
1 . 9 5 7 0 4 + 0 2 1 . 7 3 1 7 6 + 0 2 1 . 6 0 7 7 4 + 0 2





























0 0 100 300 500 700 900 1100 1300 1500
DISTANCE ALONG AXIS FROM
AIR BLASTER POINT OF INJECTION (nn>
FIG A15- PRESSURE PROBE TEST - CORRESPONDING TO FIGS.A12,A13,A14 
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=  n 9 RDP ERTI ES
C =  1.Ò x i o “ 9  N_1s 1 
AIR BLASTER PARAMETERS
Q =  2.0 kg s-'
A"t =  3.0 secs
MATERIALI- Coal 
MflT^TIIPFi— -in 0/
KEY □  1 -t
1 w  /U
=  1.0 sec
O  n  O  a n
LÌ7 I X  —  c -  •  y j
0 1 t =  3.0 sec
-
500 1000 1500 2000 2500 3000 3500
DISTANCE FROM AIR BLASTER POINT OF INJECTION 
NORMAL TO HOPPER WALL <mm>
FIG A16 - APPROXIMATE AIR PRESSURE DISTRIBUTION 
SURROUNDING AIR BLASTER-SOLUTION USING 
LUMPED ELEMENT MODEL. CORRESPONDING TO TABLES A3 & A4 
Refer to FIG.A17 for C ^
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d i s t a n c e  FROM AIR BLASTER INLET ( mm )
FIG A17 AIR BLASTER EFFECTS ON CRITICAL
ARCHING DIMENSION CORRESPONING to f i g s .a i 5 & A16
APPENDIX B - FLUIDIZATION TEST RESULTS
-254
SAMPLE : COPPER CONCENTRATE DATE
ATM. TEMP. =21 C ATM.RI-I
ATM. PRESS. = 1017 MB MASS =
2 9 . 8 . 8 6  
= 62% 
4.04 KG
TRANSMITER NO. = 0 3
ft: ft ft ft ft ft ft ft ft ft ft ft ft ft: ft ft: ft ft ft- ft ft: ft ft ft ft ft' ft ft ft ft ft: ft ft ft: ft ft: ft ft: ft: ft- ft: ft ft ft: ft ft: ft: ft: ft: ft: ft ft- ft ft: ft: ft: ft: ft ft: ft ft ft ft
♦ Ni l . ft rLOURATE ft ROT. ft ROT AMETER ft OLII PRESS. ft: OLO HOT ft
ft ft <Z> ft NO. ft PRESS.  (KPAO) ft: OROP (7  ) ft: ( MM ) ft
ft 1 ft ' 7 3 - 0 0 ft 4 ft 4 7 . 0 0 ft: 4 0 . 0 0 ft: 4 0 3 . 0 0 ft-
ft 2 ft 7 0 - 0 0 ft A ft 4 0 . 0 0 ft 3 7 . 0 0 ft 4 7 0 . 0 0 ft
ft 3 ft 63  - 0 0 ’ ft A ft 4 0 . 1 0 ft 3 4 . 0 0 ft: 4 3 3 . 0 0 ft:
ft 4 ft 6 0 . 0 0 ft A ft 4 0 . 3 0 ft 3 1 . 0 0 ft: 4 4 3 . 0 0 ft
=1= 5 ft 3 3 . 0 0 ft A ft 4 0 . 3 0 ft: 2 7 . 0 0 ft: 4 4 0 . 0 0 ft:
ft 6 ft 3 0 . 0 0 ft A ft 40  ¿30 ft: 2 7 . 0 0 ft 4 3 3 . 0 0 ft:
ft 7 ft 4 3 . 0 0 ft A •ft 4 0 . 3 0 ft: 2 0 . 0 0 ft: 4 3 0 . 0 0 ft:
ft 8 ft 4 0 . 0 0 - ft A ft 4 0 . 3 0 ft 2 6 . 0 0 :ft 4 2 0 . 0 0 ft
ft ? ft . 3 3 . 0 0 ft A ft 4 0 . 3 0 ft: 2 3 . 0 0 ft 4 0 0 . 0 0 ft-
ft 1.0 ft 3 0 . 0 0 ft A ft 4 0 . 6 0 ft: 1 0 . 0 0 ft 3 0 0 . 0 0 ft
ft ft ft ft ft ft ft ft ft ft ft ft. ft ft ft ft ftftftftft ft ft ft ft ft ft ft. ft ft ft. ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft ft










(C M /B )
ftp HE I ' / l l  OLII ft MILK LC/M  




ft 1 ft 1 . 3 7 4  4 ft 1 6 . 0 0 0 ft 6 . 2 0 5 ft 1 0 4 0 . 7 ft:
ft O«A. ft: 1 . 4 7 0 4 ft: 1 4 . 7 4 3 ft: 3 . 7 7 7 ft: 1 0 7 3 . 7 ft:
ft 3 ft 1 . 3 6 3 ? ft 1 3 . 0 0 0 ft- 5 . 6 7 4 ft: 1 1 0 7 . 3 ft
ft: • A ft- 1 . 2 6 1 6 ft: 1 2 . 0 2 1 ft 5 . 3 0 0 ft 1 1 3 4 . 3 ft:
ft: 3 ft- 1 . 1 5 6 5 ft 1 1 . 7 5 3 ■I 3 . 0 2 2 ft 1 1 4 7 . 2 ft:
ft: 6 ft: 1 . 0 5 1 4 ft 1 0 . 6 0 4 ft 3 . 0 0 0 ft 1 1 6 0 . 4 ft-
ft -7/ ft' . 7 4 6 ? ft 7 . 6 2 2 ft 4 . 7 6 2 ft 1 1 7 3 . 0 ft:
ft: 8 ft . 0 4 1 7 ft 0 . 5 3 3 ft 4 . 7 1 7 ft- 1 2 0 1 . 0 ft:
ft ? ft . 7 3 6 4 ft 7 . 4 0 4 ft 4 . 3 0 1 ft 1 2 6 1 . 7 ft
ft: 10 ft . 6 3 1 5 ft: 6 . 4 1 7 ft 3 . 6 0 ? ft' 1 3 2 0 . 3 ft-*####**##*###«#*#*#*##****#**«»********♦**********
TABLE A5 - FLUIDIZATION ANALYSIS RESULTS FOR COPPER











o 4 6  8 10FLUID VELOCITY. v„ 12- 14( cm s ) 16 1 8
FIG A18- FLUIDISATION CURVE AND BULK DENSITY FOR COPPER CONCENTRATE 9.0%
APPENDIX C - TRANSDUCER CALIBRATION CHARTS
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FXG. A19- CALIBRATION CURVES FOR DATA INSTRUMENTS 
TYPE AB TRANSDUCERS CORRESPONDING TO PHOTO 5.6 
MATERIAL: Copper Concentrate
TYPE OF TEST: Transducer pressure on bin wall
-257-
FIG.A20 - CALIBRATION CURVE FOR DATA INSTRUMENTS 
TYPE AB TRANSDUCER CORRESPONDING TO FIG. 5.7 
MATERIAL; Copper Concentrate
TYPE OF TEST: Pressure probe
258
FIGURE A21 - CALIBRATION CURVES FOR DATA INSTRUMENTS 
TYPE AB TRANSDUCERS CORRESPONDING TO PHOTO 5.6 
MATERIALS Coal




FIG. A22 CALIBRATION CURVES FOR DATA INSTRUMENTS 
TYPE AB PRESSURE TRANSDUCERS CORRESPONDING TO FIG. 5 . 7  
MATERIAL: Coal
TYPE OF TEST: Pressure probe
APPEN D I X  D - AIR BLASTER PHOTOCORDER RESULTS FILMED
ON VIDEO- Copper Concentrate - Air Blaster 














TIME ( see x 10-2)
FIG. A2S - PHOTOCORDER OUTPUT - AIR BLASTER RESPONSE CURVES CORRESPONDING TO TABLE A2 
MATERIAL: Copper Concentrate TYPE OF TEST: Transducer pressure on bin wall
-260
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ATR B L A S T E R  E X P E R I M E N T A L  R E S U L T S  
T R A N S D U C E R  P R E S S U R E S  DN B IN  W A L L
i '
BULK SOLIDCopper Gono V. MDISTURE ^  DATE TESTED .............
AIR BLASTER PRESSURE 413.4 kPa (.....6 0 ...........lb / ln 2)
AIR BLASTER ACTUAL VOLUME OF COMPRESSED AIR ...0 . 0 6 2 ...... n 3<...2 : 2 0.... f t 3)
TR AN SD U CER
NUMBER
V E R T I C A L  
D ISTAN CE  
FROM POINT 
OF IN JECTIO N  
Cnn)
TIME AFTER FIRING OF AIR BLASTER AND THE CORRESPONDING
PRESSURE ON BIN WALL
Pn) ^  P i \  Pa \  p 3 \ P a \ P 5 * 7 P 7 ■ t6 P 8 \Ps ■ tioPio
T , X ^ 4 5 0
TIMEtt) secs 0.01 0.03 0 . 0 6 0.075 0.09 0.11 0.175 0.18 0.20 0.22
PRESSURE<p> kPa 0 37 7.4 11.1 7.4 4.6 0 1.9 2.8
—
I 
ro X 2 = 3 0 0
TIHE<-t) secs 0.61 0.03 0.045 0 . 0 6 0.09 0.11 0.175 0.18 0.20 0.22
PRESSURE<p> kPa 3.7 24 61 41 22 11 -3.7 -2.8 0
X 3 - 1 5 0
TIMEtt> secs 0.01 0.016> 0.022 0.03 0.09 0.11 0.175 0.18 0.20 0.22
PRESSURE(p) kPa -5.6 63 41 76 19 7.4 -9 -7.4 -3.7




TIME<*t> secs 0.01 0 . 0 1 5 0.018 0.03 0.09 0.11 0.175 0.18 0.20 0.22
PRESSURE<p> kPa -11.1 2 4 . 6 0 51 .8 14.8 3.7 -9.2 -7.4 -5.6
T 5 X 5 = 3 0 0
TIME<t> secs 0.01 0.012 0 . 0 1 5 0.03 0.09 0.11 0.175 0.18 0.20 0.22
PRESSURE<p> kPa 0 -7.4 16.7 3.7 14.8 11.1 0 0 0
T 6 X 6 - 4 5 0
TIME(t) secs 0.01 0 . 0 1 5 0.025 0 . 0 6 0.09 0 . 1 1 0.175 0.18 0.20 0.22
¿RESSURECp) kPa 7.4—*-------- 8 . 5
22.2 11.1 14.8 3.7 0 1.9 3.7
TABLE A6 - TRANSDUCER PRESSURE RESPONSE ON BIN WALL CORRESPONDING TO FIG. A 23.. 
(REFER TO FIGi- 6.,.5.....FOR TRANSDUCER LOCATIONS,)
PHOTO A1 - SPHERE OF INFLUENCE OF AIR BLAST 
MATERIAL: Copper Concentrate MOISTURE CONTENT: 9 %
AIR BLASTER VOLUME: 0.062 m 5 AIR BLASTER PRESSURE: 413 kPa (60 psi)
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APPENDIX F - AIR BLASTER EXHAUST VALVE RELEASE TIME
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CALCULATION OF EXHAUST VALVE RELEASE TIME FOR AIR BLASTER
USED IN EXPERIMENTAL WORK
DATA:
- Air Blaster Size: BB2 - 12 - 28
- Vessel Volume = 0.094m3
- Discharge Diameter = 50mm
- >Distance of piston travel = 100mm
- Piston mass = 0.19Kg
- Pressure on piston to start = 618 kPa
7 -3 2- Area on which pressure acts =^<1^ X 1.96 X 10 m
4
- Starting Force F = P X A
= 620000 N x 1.96 xl0~3m2
"""m2
= 1215N










2 x 0.1_______ = 0.017 secs.
653
For the air blaster in consideration, it therefore takes 
1.7/100 of a second for the exhaust valve to release. This 
"time" was verified using the test rig.
2 6 9-
Measurement of Discharge Time and Impact of BIG BLASTER Air 
Cannons (12)
Measurements of the pressure taken during discharge of 
various air cannons showed the following results:
The discharge time for a VSR BIG BLASTER 50 is 60 msec, and 
for a VSR BIG BLASTER 150, 180 msec were measured.
Figures A24 and A25 show the pressure run in the vessel (a) 
and the back pressure impact of the BB 50 and BB 150 air 
cannon.
Curve (a) is measured with a pressure gauge mounted to a 
pitot-type pipe fixed in the centre of the discharge pipe 
cross section at the end when discharging into atmosphere.
In this way the back pressure or the pressure impact of the 
expanding shock wave can be recorded. The pressure impact 
peak occurs immediately after the piston valve has opened. 
After reaching the peak, the pressure run (b) of a BIG 
BLASTER air cannon nearly follows the pressure drop in the 
vessel.
If the air must pass one or more sharp edges or an 
intermediate piston chamber, where expansion takes place, or 
if, the effective cross section of the discharge pipe is not 
totally set free the back pressure measured in the blow-off 
pipe is remarkably less than the actual pressure existing in 
the vessel at any time. Also the discharge time is then 
longer because the free flow of air is restrained. There is 
less power to loosen the material and much more tendency to 
v blow just holes into the material.
-270-
APPENDIX G - THERMODYNAMIC STAGNATION




The power of the air pulse, that means releasing the energy 
stored in the pressurised air in a certain time, does not 
depend on the quantity of air discharged:
The BB 150 contains 3 times the energy stored in a BB 50 
vessel. The discharge time is three times longer. The 
maximum blow pressure is only slightly higher so both have an 
average maximum power output of around 800 to 850 KW while 
blasting with a filling pressure of 10 bar. The strong 
after-blow effect of the expanding air volume is the 
advantage of the bigger air cannons. Therefore a bigger 
volume is used if the material has a rather high porosity and 
if a high material volume has to be filled with air to 
increase the flow once it is initiated.
We need a sudden discharge in order:
1. To achieve a bigger shock loading on the material 
in order to attain a deeper and wider penetration 
towards the discharge point, and 2
2. Because the larger the air supply is at any one time, 
the larger is the flow resistance through the porosity 
in the direction of the air flow. There is a higher 
pressure build up over a wider zone between the wall . 




APPLIED TO DETERMINE AIR BLASTER FORCE OUTPUT.
In dealing with problems involving flow, many eguations can 
be simplified by introducing the concept of the isentropic 
stagnation state and the properties associated with it. The 
isentropic stagnation state is the state a flowing fluid 
would attain if it underwent a reversible adiabatic 
deceleration to zero velocity. The equation of state is:







h -  h o
c = |8h\ ---------------
P \ 3T ) p
C (To -  T) = -  h
*0










This equation then yields an approach to determining the 
force output from an Air Blaster from a stagnation state.
The enthalpy of the air is read directly from a gas table and 
stagnation pressures are computed as shown in the sample 
calculation on the next page. The stagnation pressures 
convert into theoretical force output in an ideal and energy 
conservation condition. These calculations yield the 
conclusion that the maximum stagnation force is of the order 
of 13.35KN
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Stagnation conditions in the flow are obtained by reducing 
the velocity at a point to zero in an isentropic process; the 
point is called a stagnation point. Therefore the conditions 
at the point are stagnation conditions (subscript o).
SAMPLE CALCULATION BASED ON STAGNATION THEORY.
The equation of state (A6) will now be used to calculate the 
blaster force output for varying stagnation pressures.
where V = Velocity of gas = 365 ra/sec 
h = Initial enthalpy (KJ/kg) 
h ■ = Stagnation enthalpy (KJ/kg)
• T = Initial temperature (°G)
Tq = Stagnation temperature (°C) 
g = Acceleration due to gravity (m/sec )
V2--- = 66.89 kJ/kg .*. hQ = h + 66.89
2g
Applying the above relationship for T = 4.5 °c (277.5°k )
From 'Thermodynamic Properties of Air at low pressures' 
for T =4.5°C ( 277.5 °K) find h = 277.9kJ/kg
Pr = 1.059
hQ = h + 66.89 = 277.91 + 66.89 = 344.8 kJ/kg
In order to determine T , Pr„, Plo /Pr. we must first calculateo u c ■L
Mach number M
V
M = ---- ------------------------- (A12)
c
Where V is the velocity of the gas = 365 m /s
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c = Sonic speed = ( y RT)^*5
y  = v cv =. !-4
R = Gas constant - for air = 287 J/kg/°K 
T = Temperature of gas say 277.8°K 
M = ...V....  -,------------------------- (A13)
/ nm\ 0 * 5(yrt)
= 1.14
From one dimensional gas flow tables for isentropic 
flow (perfect gas Y = 1.4)











P = P x --------------------------------------------( A 1 7  )O p x i /
r
F P x
Pr o x A C A17 )
Where F = Blaster force output (KN)
A = Cross sectional area of discharge pipe
= "lrI)dis= 7.85 x 10 3 m2 
4
D^ig= pipe diameter = 0.1m
P = pressure of compressed air = 689 kPa 
apply equation (A17) find F = 12.14KN
A P P E N D I X  H S T E A D Y  F L O W  M O M E N T U M
EQUATION APPLIED TO DETERMINE 
BLASTER FORCE OUTPUT.
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STEADY FLOW MOMENTUM EQUATION
TO CALCULATE FORCE OUTPUT FORM AIR BLASTERS
The theoretical force output of an Air Blaster can be 
derived using the steady flow momentum equaton thus:
ft = m v + a (Px - P2)----------- -------------- (A18)
Where m = mass flow rate of air
= PA V------------------------ ■-- (A19 )
V = Velosity of air (to be calculated)
A = cross sectional area of exhaust nozzle
- ttdI1s
4
Ddis ^he diameter of the air blaster discharge 
pipe (mm)
P = _Pl ---------------------------------- (A20)
RT
R = Gas constant 
T = Air temperature 
P-L = Tank pressure
= Atmospheric pressure
In order to calculate force, the velocity V needs to be 
determined. The calculation of a theoretical exit velocity 
for the gas is possible using a thermodynamic approach 
involving the analysis of temperature change and velocity of 
air flowing from a pressure vessel to atmosphere.
Using the steady flow energy equation where the air in the 
pressure vessel is in stagnation i.e. the velocity is zero 
and the temperature is ambient with the receiver pressure 
below critical, the exit temperature would be found from the 
' following equation.
- 2 7 6 -
T ± K+l
where:
T2 = Exit temperature of air
T-i = Pressure vessel temperaturec _ Ratio of specific
c . .v heat capacities 
= 1.4 for air.
(A21)
The velocity of the escaping air is found from:
V = 7 y rt2 ----------------------------- (A22)
Assuming the pressure vessel temperature to be 26.7°C and the 
receiver pressure to be 101 kPa the exit temperature and 
velocity of the escaping air is:
T2 2 .*. T2 = 250°K = -23°C
T 1 K+l
from equation (A22) find
V = 316.9 m/s
Equation (A18) can now be solved for force FT
Substituting the relevant data in Eqn (A18)
find the theoretical force output of an Air Blaster to be
5.94 kN.
A P E N D I X  I A I R  B L A S T E R  F O R C E  O U T P U T
BASED ON FIELD TRIALS
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AIR BLASTERS FORCE OUTPUT BASED ON FIELD TRIALS:
A practical assessment has been made of Martin Engineering 
Co., Air Blasters. The units, which are listed in table A7, 
were tested with their exhaust nozzles in the vertical 
position whilst being held rigidly in a steel test frame.
The 'g' force was measured using spectral dynamics 
spectrascope, utilizing an accelerated mass impacting against 
a 18kg steel plate.
A 5.45 kg unit of mass was used and was accelerated through a 
distance of two feet before impact. The accelerometer was 
mounted in the middle of the plate on the opposite of the 
impact. The force was calculated using Newtons equation of 
motion as follows:
FORCE - WEIGHT OF MASS = MASS x ACCELERATION
Ff - W = m x a ----------------- (A23)
• . Fp = m a + W --------------- (A24)
The forces measured are presented in Table A7 ranging 
from 1362N for the BB2-8-20 unit at 276 kpa to 5941N for the 
BB4-24-48 unit at 689 kpa. The largest force measured of 
5941N is approximately 45% of the theoretical force 
calculated which was 13,319 N (using the Thermodynamic
stagnation theory) (Appendix G)
U n i t F o r c e
. P r e s s u r e  (P S IG )
40 60 70 80 90 100
B B 4 - 2 4 - 4 8
l b s 9 3 1 1043 1096 1143 1215 1335
• g * 1 7 . 6 8 1 9 . 8 4 2 0 . 8 5 2 1 . 7 5 2 3 . 1 5 2 5 .4 5
B B 4 - 2 - 2 0
l b s 64 4  ' 725 : 9 28 976 1 1 0 1 1171
•g » 1 2 . 1 5 1 3 . 7 2 1 7 . 7 7 1 8 . 5 5 2 0 . 9 5 2 2 .3 0
B B 4 - 1 2 - 2 8
l b s 4 70 498 531 563 6 26 657
* g ' 8 . 8 0 9 . 3 5 9 . 9 8 1 0 . 5 9 ' 1 1 . 8 0 1 2 . 4 1
B B 2 - 8 - 2 0
l b s — 306 330 343 ■■ 381 408
• g  • — 6 . 9 0 7 . 4 4 7 . 7 5 8 . 6 2 9 . 2 4
TABLE A7 -  COMPARISON OF FORCE OUTPUT FOR A RANGE OF MARTIN "BIG BLASTER 
AIR CANNONS ( REFER TO F I G . 5 . 6  FOR A IR  BLASTER SPECIFICATION ) ( 4 7 )
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APPENDIX J MATHEMATICAL MODELLING OF AREA
OF AIR BLASTER INFLUENCE BASED 
ON BLAST FURNACE RACEWAY ZONE
THEORY
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MATHEMATICAL MODELLING OF AIR BLASTER AREA OF INFLUENCE 
ANALOGOUS TO BLAST FURNACE RACEWAY ZONE
To develop a mathematical model for the area of influence of 
an Air Blaster, results obtained from cold model studies on 
Blast Furnace Raceways [7] are used.
These experiments were conducted at room temperature using a 
variety of solid particles and for this reason have been 
termed "cold model" studies to distinguish the work from 
experiments in which coke is combusted by hot blast.
Techniques such as photography and static pressure 
measurements have been employed in these studies, and the 
work has led to the formulation of several predictive 
relations for the estimation of raceway depth.
The authors found that the measured depth of the raceway was 
a function of the blast momentum.
The raceway depth was found to be affected by both particle 
density and size as well as tuyere diameter and blast volume.






V 2Where N-p is the drag number = --------
g S 1/2 ( p  -  p  )
V is the air blast velocity ( m/sec )
g is the acceleration due to gravity = 9*8 m/s
s is the average surface area of charge particle
= 4 TT r , r is the particle radius
e„ 4s is the solids particle density ( g/ml )
P is the blast density in air blaster discharge pipe
( g/ml )
Ddis is the air blaster discharge pipe diameter ( mm )
n is the number of air blaster inlet pipes = 1
BDIA is ^ e a^r klast diameter ( mm )
2A is the cross sectional area of bin ( m ) c
APPENDIX K - AIR BLASTER MAINTENANCE PROCEDURE
-281-
MAINTENANCE PROCEDURE.
1. Disconnect air supply and bleed pressure from the tank by 
pulling safety valve ring.
2. Slide the solenoid up off the diaphragm valve. Unscrew 
the accessory kit in one piece.
3. Remove the end plate.
4. Remove the piston using a 20mm x 300 bolt.
5. Clean or replace if necessary the piston ring and the 
sealing O-Ring. *





TO FACILITATE EASY PISTON REMOVAL 
A 20mm tapped hole is provided 
In the end off the piston.
FIGURE A26 - AIR BLASTER MAINTENANCE PROCEDURE (47)
APPENDIX L - COMPUTING SIGNIFICANCE OF DIFFERENCES
BETWEEN EXPERIMENTAL AND THEORETICAL RESULTS
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Introduction
In any experimental analysis the data usually takes the 
form of two means: one for the experimental results and 
one for the theoretical results. Very often these two 
means are close together. However, sometimes it is 
difficult to know whether the means of the two types of 
results are far enough apart to allow us to say that a 
significant difference exists between them.
One method is to carry out a 't test' (49)* This is the 
name applied to the statistical techniques which- allow us 
to deal with the significance of differences between 
means in small independent samples.
In general, the t test involves the ratio of the size of 
the difference between two means to the size of the 
standard error of the difference between the two means.
t may be used in dealing with either large or small 
samples, and is simply the evaluation of a statistic in 
terms of its reliability.
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Detailed Calculation of 't'.
In the following itemized procedure, the progression of 





1. Find mean M i M 2
2. Find how much the 
mean deviates from 
each separate 
measure (X - M)
di d2
3. Square each of the 





4. Find sum of the 1 




5. Add I d ^  toId22 and divide by - 1) + (N2 - 1)* 
Note: N1 = number of experimental scores and 
= number of theoretical scores.
2
6• Take square root of result found in steps. This 
equals the combined Ŝ -D of the two results.
S.D = Standard deviation.
7. Divide the sum of and N2 by the product 
of N>| and N.p.
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8. Take the square root of result found in Step 7.
9. Multiply the result found in Step 8 by the
S.D found in Step 6. This equals s .e .d.
10. Find difference between M-̂ and M2
(neglect sign).
11. Divide difference between and M2 found 
in Step 10, by S.E.D found in Step 9.
This equals t.
The above procedure is summarized mathematicaly as 
follows :
Group 1 - Experimental Group 2 - Theoretical
Results Results
Raw Scores. XI di di" Raw Scores. X2 d2 d2̂









The Standard deviation is calculated from:
S.D
(Ni “ 1) + (M2 - 1)
I d  i 2 + £ d 22 (A28 )
S .E. -Q
(A29)
t Mi - M2
(A29)S . E . D
Degree of freedom = (Ni - 1) + (N2 - 1) 
Where: Xi = Experimental scores
( A 30)
X2 = Theoretical scores 
Mi = Experimental mean 
M2 = Theoretical mean 
d = X - M
N = Number of scores
Having obtained the above values by calculation, we can 
now refer to Table A10 to determine the value of t 
required for significance at:
(a) 1% level of confidence
(b) 5% level of confidence
If the value of t calculated from equation (A29) i s l ess 
than the value required for significance at 1% level of 
confidence (value from Table A10) then it is an accepted 
standard to accept the null hypothesis (ie a significant 
difference does not exist between the experimental and 
theoretical results).
- 2 8 6 -
If the calculated t value equals or exceeds the value 
required for significance at the 1% level of confidence, 
then we may reject the null hypothesis (ie.. the 
experimental mean is far enough apart from the 
theoretical mean therefore a significant difference 
exists).
Calculated t's which fall short of the value required for 
significance at the 1% level of confidence but which are 
equal to or larger than the value required for 
significance at the 5% level of confidence are usually 
reported, but are only regarded as a possible indication 





S Raw Score dl di2 Raw Score d2 d22
mm (kPa) Xx (kPa) X2
100 190 143.87 20,699.0 192 59.88 3585.6
200 65 18.87 356.1 150 17.88 319.7
300 40 -6.13 37.57 134 1.88 3.5
400 25 -21.13 446.5 126 -6.12 37.3
500 18 -28.13 791.3 120 -12.12 146.9
600 14 -32.13 1032.3 115 -17.12 293.1
700 10 -36.13 1305.0 112 -20.12 404.8
800 7 -39.13 1531.2 108 -24.12 581.8
M =46.13 di2 - M2=132.12 d22 =
26,199 5372.7





Z d 21 = 26,199
X2 1057
2 =  ------- =  -------- =  13 2 .1 2
N2 8
Hd 5372.7
Therefore the standard deviation S.D. 
computed:
S.D = Id!2 + Id22
\ (Nx - 1) + (N2 - 1)
= 26,199 + 5,372.7





S.D. =■ 47. 5
is
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S .E • £ — S • D NX + N2
N2
= 47.5 8 + 8
64
= 47.5 x 0.5
S.E.d = 23.75
Mx - M2 = 46.13 - 132.12 = -85.99
(Neglect sign)
+ - M1 - M2 „ 85.99 3.62
S . E . q 23.75
from Table A10
Degrees of freedom rHii—1 £ii + (N2
=(8 - 1) + (8




from Table A10 for 14 'Degrees of freedom' find 
- 5 % level.-> t = 2.14
1 % level -> t = 2.98
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Discussion of Confidence Levels
- Calculated t = 3.62
- 5 % level t = 2.14 -
- 1 % level t = 2.98
From Table A10
- Conclusion to be reached whether or not a 
significant difference exists between Experimental 
Results and Theoretical Results.
- If calculated t < 2.98 @ 1 % level then there does 
not exist a significant difference between experimental 
results and theoretical results.
Since calculated t = 3.62 which is greater than 
t = 2.98 (Table A10 ) we can conclude that there is a 
significant difference between experimental and 
theoretical results at the 1 % level of confidence, 
(derived by Lumped element model).
- If calculated t falls short of the value required 
for significance at the 1 % level of confidence but which 
is equal to or larger than the value required for 
significance at the 5 % level of confidence is regarded 
as a possible indication of a trend toward a significant 
difference between experimental results and calculated 
results.
Since calculated t = 3.62 which is greater than t ■ 
2.14 (Table A10) at 5 % level of confidence we can 
conclude that there is a trend towards a significant 
difference between experimental and theoretical results
- 2 9 0 -
D e g r e e s  of f r ee d o m
(.V, -  1) +  (A' i  -  1) 5 %  level 1 %  level
1 1 2 .7 1 6 3 . 6 6
2 4 . 3 0 9 . 9 2
3 3 . 1 8 5 . 8 4
4 2 . 7 8 4 . 6 0
5 2 57 4 . 0 3
6 2 . 4 5 3 .7 1
7 2 . 3 6 3 . 5 0
8 2 .3 1 3 . 3 6
9 2 . 2 6 3 . 2 5
10 2 . 2 3 3 . 1 7
11 2 . 2 0 3 .1 1
12 2 . 1 8 3 . 0 6  ‘
13 2 . 1 6 3 .0 1
14 2 . 1 4 2 . 9 8
15 2 . 1 3 2 . 9 5
16 2 . 1 2 2 . 9 2
17 2 .1 1 2 . 9 0
18 2 . 1 0 2 . 8 8
19 2 . 0 9 2 . 8 6
20 2 . 0 9 2 . 8 4
21 2 . 0 8 2 . 8 3
22 2 . 0 7 2 . 8 2
23 2 . 0 7 2 . 8 1
24 2 . 0 6 2 . 8 0
25 2 . 0 6 2 . 7 9
26 2 . 0 6 2 . 7 8
27 2 . 0 5 2 . 7 7
28 2 . 0 5 2 . 7 6
29 2 . 0 4 2 . 7 6
30 2 . 0 4 2 . 7 5
40 2 . 0 2 2 . 7 1
50 2 .0 1 2 . 6 8
100 1 .9 8 2 . 6 3
« 500 1 .96 2 . 5 9
; lo o o
-1 fc II . , ! ---— ----- 1---------- --- —
1 .9 6 2 . 5 8
TABLE A10 - LEVEL OP CONFIDENCE FOR 't'
